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INTRODUCTION TO THE SECOND EDITION 


Tbe experience gained during the past few years and the rather gratifying 
acceptance of the flrat edition have prompted us to revise and rewrite portions 
of this volume. In doing this we have attempted to correct errors appearing in 
the original edition, to add new and valuable techniques which have been developed 
or with which we have become familiar recently, and to omit certain specialized 
sections which were rarely used. ■ These changes have not altered the size of ihe 
book appreciably, but the content is significantly different from that of the ' 
first edition; we hope the alterations will improve its usefulness. 

The objectives and the principles are still the same--we regard this as an 
attempt to place in the hands of the beginner sound basic methods which will aid 
his work. This is a practical manual to be used in the laboratory rather than 
a reference volume to be kept on the shelf. Therefore, the book has been re- 
tained in its original form with only minor modifications designed to save space; 
the substitution of a heavier cover should improve its durability. It is antici- 
pated that the volume will be revised whenever warranted. 

Ue are indebted to all of the contributors for their cooperation, for only 
through a cooperative effort has the publication of this volume been possible. 
Permission to reproduce certain of the figures has been granted by Arthur H. 

Thomas (Figs. 45 , 46), Central Scientific Company (Fig. 47), G. M. E. (Fig. 18), 
•and by E. Machlett and Son (Figs. I 5 , I 6 , 33, JO, 34). 


W. H. U. 

E. H. B. 
J. F. 3. 
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Chapter I 

THE WARBURG CONSTANT VOLUME RESPIROMETER 

INTRODUCTION 

Manometrlc methods for estimating exchange of gases have heen in use in the study of 
both chemical and hiological reactions for generations. A wide variety of techniques have 
heen employed and many types of apparatus have been developed. The type of resplrometer 
which has met with widest use is almost universally known as the "Warburg" Instrument, al- 
though, as pointed out by Warburg (1926), it has a long history. In essence the present 
Instrument is a modification of a "blood-gas manometer" described by Barcroft and Haldane 
(1902) or of that described by Brodie (I9IO). The essential principle Involved Is that at 
constant temperature and constant gas volume any changes in the amount of a gas can be 
measured by changes in its pressure. This method I3 moat commonly applied to measurements 
of oxygen uptake. We shall therefore first describe Its principles in terms of oxygen up- 
take and later consider other uses to which the Instrument may he applied. 

APPARATUS 

F = flask 
S = sldearm 

G = sldearm stopper with gas vent 
C = center well ( for alkali ) 

M = manometer proper 

E = fluid reservoir which, by adjustment of the screw 
clamp, serves to alter the level of the fluid in the 
manometer 

T = three-way stopcock 

The scale of the manometer is graduated in centimeters 
(numbered) and in millimeters. Normally one records read- 
ings in terms of millimeters. 

The apparatus (Fig. 1 ) consists of a flask (F) (da- 
taohable) sometimes equipped with one or more sldearms 
(S), attached to a manometer (M) containing a liquid of 
known density. The flask is immersed in a water bath at 
a constant temperature, and between readings the system is 
shaken or whirled to promote a rapid gas exchange between 
the fluid and the gas phase. It is assumed that the tem- 
perature of the manometer, which is not Immersed, does 
not differ greatly from that of the flask. Details of the 
apparatus have been described by Burk and Milner ( 1952 ), 
Dixon (1945), Perkins ( 19 ^* 3 ), Warburg ( 1925 , 192 li, I926) 
and others. Further details of shaking apparatus will be 
found In Chapter 5 - 

The manometer has (as shown in Fig. 1 ) an open and a closed end. A given point on 
the closed side of the manometer (usually 150 or 250 mm.) is chosen, and the liquid in the 
closed arm of the manometer is always adjusted to this point before recording pressure 
changes. 

GENERAL PRINCIPLES 

Suppose that one has an oxygen consuming reaction going on in the flask. One adjusts 
the closed side of the manometer (with atopcock open) to 250 mm. (by adjusting the screw 
clamp on the fluid reaervolr of the manometer), closes the stopcock, and reads the open 



FIG. I 

The Narburg constant 
volune rasp I roaster. 
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side of tile manometer. Assume that the level of the liquid In this arm Is 249 mm. (Fig. 

2). This reading of 249 Is recorded. After 10 minutes time the liquid has gone up in the 

closed arm and dovn in the open arm. 

One again adjusts the closed arm to 250 
mm. and thus holds the volume of gas in 
the flask constant. The reading on the 
open arm is now 220 mm. For both the 
initial and 10 minute readings the fluid 
in the closed arm of the manometer was 
adjusted to 250 mm. , but during the in- 
terval the reading on the open arm 
dropped from 249 to 220 mm. ( 29 mm. ) as 
a result of oxygen consumption in the 
flask. If one knows the gas volume of 
the flask (Vg), the volume of fluid in 
the flask (Vf), the temperature of oper- 
ation, the gas being exchanged and the 
density of the fluid in the manometer, 

It is possible to calculate the amount 
of gas used up (or given off), providing 
only one gas is being changed. There 
are methods for handling alterations in 
the amount of more than one gas; these 
will be described later. The essence of 
the method is to hold the gas and fluid 
volximes constant and to measure the de- 
crease or increase in pressure when one 
gas alters in amount. 

DERIVATION AND MEANING OF FLASK CONSTANT 

Fundamentally this consists of so calibrating the system that from the observed pres- 
sure changes one can calculate the amount (In mm.* or micro liters (>il) at 0 °G. and t 60 mm. 
pressure) of gas utilized or given off. 

The following symbols are employed: 

Let h = the observed change in the manometer (open side) reading in mm. 

X =911. gas (0°C., 760 mm. pressure) 

Tg = Volume of gas phase in flask including connecting tubes down to the 
"zero" point (150 or 250 mm. on closed end of manometer). 

Vf = Volume of fluid in vessel. 

P = Initial pressure in vessel of the gas involved in the determination. 

This is actually the partial pressure of the particular gas in a gas 
mixture. If this gas mixture contains water vapor, the partial pres- 
sure of the gas involved in the determination will be less than its 
partial pressure in the dry condition. Hence if P is defined as dry 
gas, P - R should be used in equations involving moist gases. 

Pq = 760 mm. Hg (standard pressure) expressed in terms of the manometer 
fluid: 

Pq = 760 X 15.60 (where I5.60 is the specific gravity of mercury)/ 
Specific gravity of manometer fluid. 

T = Temperature of bath in absolute degrees (= 275 + temp, in °C.). 
a = Solubility in liquid in vessel of gas involved (expressed as ml. gas/ml. 
liquid when gas is at a pressure of one atmosphere (760 mm. Eg) at the 
temperature T) . 

E = Vapor pressure of water (or other fluid) at temperature T. Inside the 
flask one has both fluid and gas. This fluid will exert a vapor pres- 
sure (H) in the gas phase and some gas will dissolve in the fluid. 

In the gas phase one has gas (Vg) at a temperature (T) and at a pressure P - E 
(P - E = partial pressure of gas involved less the vapor pressure or the fluid). One can 
change this gas volume to standard conditions using this formula: 



INITIAL POSITION 

POSITION AFTER 10 

MINUTES 


FIG. 2 

Dla^raa illustrating tha dataralnatlon 
of oressura change. 
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pv/t = P'V'/T' 

(let prime symbols be standard conditions, l.e. V = gas volume standard conditions 
P' = Pq = 760 mm. ag, T' = 273 = 0°C.). Bence In the flask:; 

(P - E) Tg/T = Po T'/275 
Vg ^ (P-H) 

and gas at standard conditions = V = 

Po 

Some gae la dissolved in the fluid initially. The amount of gas in the fluid Is: 

Vj.a (P - E)/(Po) 

Where a la the solubility of the gas (in ml. gas/ml'. fluid) at a partial pressure of one 
atmosphere. The (P - E)/Pq converts the solubility at one atmosphere to that actually 
existing in the flask. 

This relationship holds, as Henry's law states, "The concentration of dissolved gas 
is directly proportional to the concentration (pressure) above the fluid.” Hence if a le 
the solubility at Pq (one atmosphere) the solubility at the actual pressure existing in 
the flask, P - E (atmospheric pressure less than that due to water vapor), will be 

— — . Virtually nothing is known of the relationship between chemical structure and 
Pq 

solubility of gases so that one has to determine the solubility empirically. There is 
thus a different solubility for each gas in each solution. It ^ known , however, that the 
solubility of individual gases in a mixture is almost independent of the pressure of other 
gases . I.S., the solubility of oxygen at a given pressure and at a given temperature will 
be the same whether Ng, COj or other gases are present or not. 

From the considerations above, the gas present at the start was that in the gas phase 
plus that In the fluid phase or: 

Gas at start = Vg ^ + V^ a 

1 I 1 I 

Gas phase Fluid phase 

At the end of the observation period this gas has been changed by the amount x which has 
resulted in a pressure change of h mm. If gas is taken up, his negative; if gas Is given 
off, h is positive. We will here assume that it Is taken up. The pressure is now 
( P - E - h) rather than the initial value (P - E) . 

Gas phase Is thus : Vg 

Liquid phase : Vf a ~ p ^ 

Pq 

Gasatend = Vg^i^^f^. Vf a 

o T Fq Fq 

Gas taken up (x) is that which was present initially less that which appears at the end. 


X = initial gas - final gas 
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m (F - R) ^ V « ^) . - V ^ (p - - h) 


• - V 


g T 


= V", 


271 (P - P) , y, „ LP_:-.P1 . V m (P - P - h) 


S T 


221 h ^ h 

-ir - + Vf a 


X = h 


^ + Vf a 


= h k 


Tf a 


Vf a 



Note that Ygj T, a, and Pg are known and, for a given experiment, are constant; these 
values determine the flask constant k with which one can convert mm. pressure change into 
pi. Og taken up. 


Summary : 


X = amount of gas exchanged 


h k 

alteration flask constant 
in reading 
on open arm 
of manometer 


k = flask constant = 


V m 
'g T 


<■ Vf a 


Example : A Warburg flask has a total volume of 12.6l6 ml. up to the 250 mm. mark on the 
manometer. To measure oxygen uptake in this flask by yeast at 26°C., we add 1 ml. of 
yeast suspension, 1 ml. of 0.1 M glucose, 1 ml. of tv50 phosphate buffer. In the center 
cup of the flask we place 0.2 ml. lO^t KOH to absorb the carbon dioxide the yeast may pro- 
duce. What flask constant should be employed? 


7f = 5.2 ml. = 5,200 )il. 

Vg = total volume - fluid volume = 12 . 6 l 6 ml. - 5*2 ml. = 9 .**l 6 ml. = pi. 

T = 275 r 28 = 30; a = 0.027 Pq = 10,000 

V„^ + Tfa 9,416 X <• 5,200 X 0.027 8540 t 86.0 

u _ 1 t _ 201 — ^ ^ 0.863 

•^Og - - 10,000 10,000 


Difference in pressure in mm. times O .865 = ul- gas. 


(Chapter Six describes methods of determining the flask constants.) 

Two points may be confusing. One, the choice of 0.027 for ot, will be explained in 
the next section. The other is the use of Pg = 10,000. The manometer In this case was 
filled with "Brodle's So.lution" composed as follows: 

23 gram NaCl 

5 gram Sodium Choleate (Merck) 
in 500 ml. water 

Usually colored with dye, e.g. Evan blue or acid fuchsln. 
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Thia ha,8 a density of l.OJJ so that 


^ = 10.000 


THE SOLUBILITY OF OXYGEN 

The solubility of oxygen ia expressed in Table I as ml, 02/ffll. fluid when the gas la 
at one atmosphere pressure. Thia tertii^ a, is sometimes referred to as the "Bunsen Coeffi- 
cient ", 

The a value of a particular gas is influenced by* two factors. First, as is apparent 
from the values in Table I, the solubility of gases decreases as the temperature rises. 
Second, the solubility of gases is appreciably diminished by the presence of dissolved 
solids (or liquids, but not gases) in the fluid- This la thought to be due to the hydra- 
tion ("solvation”) of the solute, which leaves less free solvent available for dissolving 
the gas. These effects are shown in Table II constructed from data in the International 
Critical Tables, Volume III, p. 271 ( 1926 ). Tables on the solubility of gases other than 
oxygen will be found in Chapter 6, 


TABLE I 

The Solubility of Oxygen 


Data as ml. gas dissolved per ml, fluid 
when gas is at 1 atmosphere pressure (a value) 


Temperature °C. 

Kinger'e Solution 

Water 

0 


0.04872 

10 

0.0lt80 

0.05793 

15 

0.031*0 

0.05441 

20 

0.0310 

0.03091 

25 

0.0265 

0.02822 

30 

0.0260 

0.02612 

35 

0.0245 


1+0 

0.0230 



Dixon (1945) 

International 
Critical Tables 

{1926) 


TABLE II 

The Influence of Salts Upon the Solubility of Oxygen 


Data in terms of ml. O2 dissolved per ml. solution (a value) 



HCl, 15 °C 

HCl, 25 °C 

1/2 H2SO4, 
250c 

NaCl, 25 °C 

Cone. 

0.0 M 

0.034 

0.026 

0.028 

0.026 

0.5 M 

0.055 

0.027 

0.027 

0.024 

1.0 M 

0.031 

0.026 

0.025 

0.020 

2.0 M 

0.090 

0.025 

0.025 

0.016 
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Although the effect of salts on oxygen solubility appears large, it actually has lit- 
tle effect on flask constants for oxygen uptake. For example, a change from pure water to 
2 M NaCl changes the a value from 0.026 to 0.0l6. This lowers the flask constant by 

0.012 X Yf . jjj t-jjg 

case described above, the k instead of being O.863 would be, with 2 M 

10,000 

NaCl, 0.859. 


THE THERMOBAROMETER 



Therrno- 

baromeicrl 


after 10 MIN, 





In the development of the flask constant, k, a 
value P was employed which was assumed to remain con- 
stant from the beginning to the end of a given period. 
This "P" represented the Initial atmospheric pressure. 
The pressure in the room and the temperature of the 
water bath are likely to change, however, and these 
changes are corrected for by a thermobarometer. The 
thermobarometer consists merely of a Warburg manometer 
with a flask containing water attached; the volume of 
water is not critical. 

Refer first to Fig. 5, initial, which represents 
the first reading; the reaction flask reads 2k9, the 
thermobarometer 250. At the end of a given period the 
reading on the reaction flask has dropped to 220, l.e., 
29 mm. During the same time changes in the temperature 
of the bath or increased pressure in the room have 
caused the reading on the thermobarometer to drop to 
21*8, i.e., 2 mm. The decrease in pressure observed in 
the reaction flask was due to two things : the use of 
some of the oxygen in the gas space inside the flask 
( 27 mm. ) and the external changes of temperature and 
pressure (2 mm.). Correction of the readings obtained 
for changes registered by the thermobarometer are obvi- 
ous after a brief study of Table III which illustrates 
actual experimental data. 


If the level of liquid in the open arm of the 
thermobarometer has risen there has been a decrease in 
pressure in the room or an Increase In temperature of 
the bath. For reaction flasks which have registered a 
drop in pressure the observed decrease is smaller than 
the actual decrease by the amount the thermobarometer 
fluid has risen; hence the rise in the thermobarometer reading is added to the observed 
pressure drop. If the reaction flasks have registered a rise in pressure, the increase 
in the thermobarometer reading is subtracted from this observed rise. Examples to Illus- 
trate these points are given in Tables III and IV. 


FIG. 3 

Diagrams Illustrating the use 
of the thermobarometer. 


TABLE III 

Corrections for Thermobarometer Changes 


Method 1 Method 2 


Time 

Thermobarometer 


Respiring Flask #1 

0 

60 

120 min. 

Change 
( total) 

250 mm. 

257 mm. +7 

(+7) 

259 mm. +9 

(*2) 

Beading Change True 

Change 

21+9 

218 -1 -8 

2k3 -6 -15 

Reading Chg. True 

Inter- Chg. Sum 

val Interval 

2U9 

2k8 -1 -8 -8 

2‘*3 -5 -7 -15 

0 

60 

250 

236 -Ik 

2i*9 

111 -158 -12l* 
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TEMPEBATUHE CONTROL 

How accurately must the temperature of the hath he controlled? Two situations must 
he considered: 

I. The whole hath is at a constant temperature hut has dropped 1° below that accepted 
for calculation. The thermoharometer has responded to this drop in temperature so 
the main error involved arises from using the wrong flask constant. Suppose that 
in the case described in Table IV the temperature throughout the hath dropped to 
27° C. and the data were calculated for aB° C. At 23° the kog is 0.942; at 27° it 
is 0.945. If the measurements are actually made at 27° C., hut the factor for 
28° 0. is used, an error of about O.^lh is introduced. 

II. If the hath is not uniform in temperature a flask at a point 1° C. higher in tem- 
perature than another flask would indicate a pressure corresponding to about 53 IJl* 
of gas more per 10 ml. of gas volume (difference of 0.05° C. = 1.7^1.). 

Hence two factors are important; first, that the temperature be held at the point de- 
sired, and second and more important, that the teiqperature of the entire hath he held uni- 
form to within 0.05° 0. This latter factor necessitates vigorous stirring of the water in 

the bath. 


SAMPLE CALCULATIONS 

The data of Table IV illustrate the method of calculating the ;il. oxygen uptake from 
the observed changes in the level of the manometer fluid of the thermobaroroeter and of the 
reaction flask manometer. Two methods of calculation follow; 

Total uptake method : 

The application of this method is Illustrated in columns 4, 5, 6 and 7 of Table 
IV. The uptake in mm. is calculated ly subtracting the initial reading (246) from 
all subsequent readings (column 4). The thermoharometer correction is obtained by 
subtracting the Initial reading ( 265 ) from all subsequent readings (column 5)- Since 
in the Interval from lo55 to 11^ the total uptake of 19 mm. in the reaction flask 
was due in part ( 1 ram. ) to thermal or barometric changes, the real uptake was 19 - 
1 = 18 mm. (column 6). This value times the flask constant for the conditions em- 
ployed gives the pi. oxygen taken up (column 7). 

TABLE IV 

Calculating Oiygen Uptake frota Hanoaetar Readinga 


Time 


Eeadlngj 

flask 


Total method 



Interval method 




Change^ 
in mm. 

Thermo- 

■barometer 

correction 

Actual 
change, 
in mm. 

^2 

uptake 

Change, 
in am. 

Thermo- 

barometer 

correction 

Actual 
change, 
in mm. 

;il. 02 
uptake 

Sum 

lo55 

mm. 

265 


. 

_ 


_ 



_ 


. 

llOO 

264 

227 

-19 

-1 

-18 

17.0 

-19 

-1 

-18 

17.0 

17.0 

1105 

264 

194 

-52 

-1 

-51 

48.1 

-35 

0 

-35 

31.1 

48.1 

iiio 

264 

159 

-87 

-1 

-86 

81.0 

-55 

0 

-55 

32.9 

81.0 

1115 

264 

122 

-124 

-1 

-123 

115.9 

-57 

0 

-37 

34.9 

115.9 

( 1 ) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

( 11 ) 

( 12 ) 


Flask: 1 ml. yeast suspension, 1 ml. m/sOO KHgPOi,, pH 4.5, 0.5 ml. water, 0.5 ml. 0.052 M glucose; glucose 
in aldearm, tipped in at 1055. 


Volume flask » I3.5 “l-J kog = 0-942 


Temp. C.; 0.2 ml. KOH in center cup. 
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Interval uptake method : 

This lEethod la applied In the oaloulatlona shown In columns 8 to 12 of Table TV. 

Each reading la subtracted from the one following It (l.e., 246 from 227; 227 from 

194 , etc.) giving the change (column 8) over the interval. A similar calculation is 

made for the thermobarometer (column 9) from which the actual change (column lO) la 

readily apparent. These interval values are multiplied by the flask constant (column 

11) to yield the uptake per interval and are added to yield the total uptake (column 

12) . 

Although this method appears more laborlou.s, it offers some advantages, especially 
when the rate of oxygen uptake is changing. In this case, for instance, the uptake during 

the first five minutes (17.0 jil.) Is not the same as In the succeeding 5 minute Intervals, 

for there la a tendency for the rate to Increase throughout the determinations. This in- 
crease Is not readily apparent when calculated by the "total method" and may even be over- 
looked In graphing. 

Many laboratories have found It convenient to employ mimeographed or printed tabular 
forms for recording manometrlo data. The data may be recorded there permanently or tem- 
porarily before transfer of pertinent Information to a permanent notebook. Two examples 
of such data sheets are shown In Fig. 4. The upper section is a reproduction of a form 
which is printed on the back of x 11 inch graph paper and spirally bound into a note- 
book. Data are recorded and calculated on the printed sheet, and the results are plotted 
on the opposite sheet of graph paper. The readings for any one flask are recorded hori- 
zontally across the page. In the lower portion of Fig. 4 is shown a mimeographed sheet on 
which data for each flask are recorded in vertical columns. 

It is convenient to record flask constants on a card and to secure the card inside 
the front or back cover of the notebook by means of a Scotch tape hinge. The card can then 
be flipped over, so that it projects beyond the cover of the book, where it can be referred 
to readily during the calculation of results. 

THE USE OF THE WARBURG INSTRUMENT FOR THE MEASUREMENT 
OF RESPIRATION OF LIVING CELLS 

Physiologically there are two meanings for the word "respiration". The older meaning 
confines the term to the actual uptake of gaseous oxygen. It was later realized that oxi- 
dations could occur (by the removal of hydrogen or electrons) without employing gaseous 
oxygen and so the term respiration was broadened to include any reaction by which the cell 
obtained energy, whether or not it Involved gaseous oxygen as .such. This has resulted in 
some confusion since the meaning of the term thus differs with various groups of investi- 
gators. For the purposes of this outline the following definitions are employed: 

Respiration; The uptake of gaseous oxygen. 

Fermentation; The transformations which occur in living cells (or 

enzymes therefrom) which do not employ gaseous oxygen. 

In the case of most cells, as contrasted to many enzyme preparations, the utilization 
of oxygen results in a release of carbon dioxide. If these two gases (COp, Og) are the 
only ones Involved, one can measure the respiration (Og uptake) by absorbing the liberated 
carbon dioxide in alkali. In the presence of alkali the carbon dioxide pressure in the 
air is zero within the limits of measurement. The gas exchange caused by the respiration 
la oxygen absorption plus carbon dioxide liberation. But the alkali keeps the carbon 
dioxide pressure zero, hence the chai;ge noted on the barometer is due solely to the oxygen 
utilization. The excess of carbon dioxide in solution, of course, continually distills 
over into the alkali, but it does not affect the observed pressure changes. 

THE ABSORPTION OF OXYGEN 

The absorption of oxygen by the respiring tissue takes place almost entirely from the 
oxygen in solution. This is the principle reason for shaking the fluids in the reaplro- 






Fie. 4 

Forat for rocording ainoaetrlc data. 
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mater, l.e. to obtain a fluid phase saturated with the gas phase. But one must, under 
practical circumstances, take care that the rate of ojfygen uptake hy the tissue is not 
greater than can he replaced by the diffusion of oxygen from the atmosphere into the fluid. 
If the rate of oxygen uptake is so high that the oxygen is used up faster than it can dif- 
fuse into the liquid, then the rate of respiration observed la dependent upon the rate at 
which oxygen diffuses into the fluid and has little to do with the potential rate of the 
reaction itself. 

The rate at which gas diffuses into a liquid is dependent upon the surface layer of 
the liquid. The gas may be thought of as moving across a film of surface, and the theory 
of such diffusion has been well worked out. Houghton (19^1) has described methods for 
correcting for diffusion errors when they exist. However, for virtually all respiratory 
measurements it la sufficient to note that by shaking the flasks a continual new surface 
is exposed to the gas by virtue of the turbulence of the fluid in the flask. Hence, the 
greater the rate of shaking, the greater the rate of diffusion of the gas into the liquid, 
and the greater the rate of respiration one may measure without diffusion errors. 

Dixon and Tunnlcliffe (1925) and Dixon and Elliott (1950) have studied these effects 
in the Barcroft differential manometer (see Chapter 7) and have concluded that 600-700 ;il. 
Og par hour can be safely measured without diffusion errors when a shaking rate of 100 
oscillations per minute is employed (over 1500 ^il.Og/hr. at a rate of 153 oscillations per 
minute) . 

In the Warburg resplrometer the flasks used are usually smaller so the surface exposed 
to the gas is less than in the Barcroft type; hence, limiting rates of oxygen uptake are 
reached sooner. The actual rates maasureable without errors arising from gas diffusion 
in flasks of approximately 15 ml. volume containing 5 ml. of fluid have been determined in 
the experiment described below. This illustrates one method for determining whether the 
rate of oxygen diffusion is the limiting factor in any results one might obtain (Fig. 5) 



FI 6. 5 

Infivence of shaking on rata of oxygen 
uotaka in flasks of about IS tnl. capacity. 
Section A - Each flask has amount of yeast 
indicated on abscissa aade to 2 ai. with 
O.OZ N KHjPDgCpH 4.8), I isl. of 3:1 glucose, 
and 0.2 ■!. 20t (OH in center Mali. Shaken 
at SO, 90 and 118 complete two-centimeter 
strokes per minute at 28'’C. Section 8 - 
Data from Section A plotted to show adeguate 
shaking rate for conditions described. 


The basis of the experiment described is as follows: the rate of oxygen diffusion 
from the gas phase into the fluid phase is dependent upon the surface boundary. This 
boundary la altered more rapidly with faster shaking allowing more rapid oxygen exchange. 
If more rapid shaking (and thus more rapid oxygen exchange) does not increase the rate of 
oxygen uptake, then the rate of oxygen diffusion is not the limiting factor in the system 
being studied. 

Another principle which may be used (but only in certain circumstances) depends upon 
the fact that the higher the concentration of the gas the greater will be its rate of dif- 
fusion into a liquid. Hence, one can vary the percentage oxygen in the atmosphere above 
the liquid, use various quantities of tissue, and determine the maximum rate of oxygen up- 
take that can be achieved before diffusion factors become significant. This method is, 
however, not only more laborious but also more complex, for there are reports that some 
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types of respiration are affected by the pressure of oxygen, per Therefore changing 
the shaking rate is the preferred method. Increasing the oxygen pressure is useful, how- 
ever, when one finds it necessary to supply adequate concentrations of oxygen throughout 
a solid tissue. In this case the diffusion into the liquid Is not the limiting factor, 
but diffusion into the respiring solid controls the oxygen level at its center. Obviously 
increased shaking will not alter these surfaces, so that the only practical solution la to 
increase the oxygen pressure. This is discussed under "tissue slices" In Chapter 10. 

It sometimes happens that a reaction is dependent upon a contact between particles 
and that shaking disturbs this contact. One such example reported is the sulfur oxidation 
by bacteria (Vogler, LePage and Umbrelt, 19*^^) in which a contact between the bacteria and 
the solid sulfur particles is necessary before oxidation can occur (Vogler and Umbrelt, 
19 ^ 1 , Umbrelt, Vogel and Vogler, 19^2). Shaking at rapid rates actually disturbs such 
contact and results in lowered oxidation, however, it is notable that if one employs 
rates of oxygen uptake lower than those at which limited diffusion becomes significant 
(l.e., at 100 strokes per minute, JOO ^ 1 . 02 /br. ) any variation In the rate of oxygen up- 
take with Increase in shaking rate la not dependent upon the diffusion of oxygen since the 
fluid la already saturated. Therefore it is always desirable to determine the effect of 
alterations in the shaking rate to he certain that the results are independent of the rate 
of shaking. If they are not, one can readily determine whether the shaking rate is affect- 
ing the diffusion of oxygen or other factors (such as contact) by comparison with the rate 
of oxygen uptake which can be measured without diffusion effects under the conditions 
employed. Frequently Important clues as to the nature of the reactions Involved are ob- 
tained in this way. 


THE ABSORPTION OF CARBON DIOXIDE 

In the "direct method" of Warburg the oxygen uptake by living tissues, •which also 
liberate COg, la measured by absorbing the COg continuously in alkali during the deter- 
mination. If the alkali employed fails to absorb the COg completely and instantaneously, 
the COg pressure in the gas phase will not be zero, and the readings on the manometer will 
not represent the true oxygen uptake. An example of circumstances of this type Is given 
in the report of Brook, Druckrey, and Richter (1959); they observed that because of the 
large amounts of COg liberated, readings on the manometer dropped only slightly or in some 
instances actually rose, yet oxygen was being consumed at a rapid rate. These workers 
found that the absorption of COg was virtually Instantaneous and that its pressure was 
held at approximately zero if the rate of COg liberation was not more than 600 per 
hour. Dixon and Elliott (1950) found that in the Bancroft apparatus (in the presence of 
adequate surface, see below) 1000 ^1. of COg per hour was almost instantaneously absorbed. 

In absorbing COg from the gas phase the same difficulties are encountered as in the 
absorption of oxygen. Here, however, because alkali is usually confined to the small 
center cup, an Increased rate of shaking has little effect on Increasing the surface. 

Hence some other method must be employed to increase the surface of the alkali. Usually 
small rolls or accordion folded pieces of filter paper are placed in the alkali cup. 

These should project beyond the side walls of the center cup into the open gas space above. 
A desirable projection is about 5 mm. Such "KOH papers" are usually prepared in quantity 
by cutting filter paper into squares with 2 , cm. sides (the exact dimensions will vary with 
the depth of the cup employed; this varies from Instrument to instrument, but the size 
need be only approximate). These papers are then folded three or four times, accordion 
fashion, and inserted into the center cup with tweezers. When wet by the alkali, previ- 
ously added to the cup, they provide a large surface for the absorption of COg. 

Sufficient alkali should be added to moisten the entire paper and still leave a well 
of free liquid In the bottom of the cup. For the papers described 0.15 to 0.20 ml. is 
adequate. Sometimes difficulty is experienced with the alkali "creeping over" the cup in- 
to the outer compartment of the flask. This can be prevented by grbaslng the top of the 
cup before inserting the papers. A convenient way of doing this is to wind a small amount 
of cotton about the end of a glass rod 00 that when placed over the center cup it will 
completely cover its top. After the cotton is saturated with grease, it is rotated in 
contact with the top surface of the center cup to give it a light coat of grease. A 
tapered 15 ml. centrifuge tube also makes a convenient tool for greasing alkali cups; the 
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bottom of the tube Is greased and then rotated In the top of the alknli well. The rela- 
tion of flaak design to "creeping" of alkali Is discussed In Chapter 6. 

The concentration of alkali employed by various Investigators differs widely, but KOH 
(because of the solubility of the potassium carbonate) Is almost universally employed. 

Two things must be kept in mind In choosing the concentration. One la the capacity of the 
alkali employed to absorb CO 2 ; the other is the ease with which the alkali can be handled. 
Whereas the pressure of COg above any solution of KOH is zero, very dilute solutions of 
KOH may be completely neutralized rather soon. Under moat circumstances 1^ KOH is un- 
doubtedly sufficient. Most workers use 5, 10 or SOjt KOH to be sure that an adequate sup- 
ply la present to last throughout the experiment. KOH offers no difficulty In hand- 

ling. It Is claimed by some that rather concentrated solutions of KOH (10-20^) react with 
the filter papers employed and that an oxygen uptake results from this reaction. While we 
have never experienced this, the recommendation that analytical grade filter papers be*, 
used for KOH papers should be followed whenever possible. 

It Is obvious that the conditions for obtaining adequate oxygen diffusion and CO 2 ab- 
sorption are easily met. Usually the shaking rates employed are 100 to 120 two or three 
centimeter strokes per minute. Under these conditions (employing flasks of about I 5 ml. 
capacity) one should use amounts of tissues that take up leas than 500 yH* of O 2 per hour 
and give off less than 500 _pil. COg. This usually means the use of about 100 mg. (wet 
weight) of animal tissues or somewhat leae wet weight of yeast and bacteria. For the 
beginner it la well to choose tissue concentrations which take up about 200 _pl. O 2 per 
hour. 


PROCEDURE EMPLOYED 

The actual procedure in setting up systems for the measurement of respiration of liv- 
ing cells varies widely. A common procedure is listed as follows; 

1. To clean, dry, Warburg flasks equipped with a center well, add materials (except 

cells) to the main compartment of flask. 

2. Add materiala (if any) to the sldearm. 

3 . Add 0.2 ml. alkali (usually 5, 10 or KOH) to the center well. 

4. Grease attachment Joint on manometer and grease and insert plug for sldearm. 

Grease top of alkali cup. 

5 . Add cells. 

6 . Add filter paper strip to alkali in center cup (see absorption of carbon dioxide). 

7 . Attach flaak to manometer. 

8 . Place in constant temperature bath. 

9 . Adjust and tighten flask after about 5 min. shaking in bath. (This is done since 

sometimes the grease becomes softer and the flask tends to creep slightly.) 

10. Allow to equilibrate, with shaking, for 10-15 minutes. 

11. Adjust manometer fluid to zero point on closed side of manometer with stopcock 

open. 

12. Close stopcock. 

13 . Begin readings. 


LIMITATIONS OF METHOD 

The method described in the previoue sections, in which any carbon dioxide formed is 
absorbed by alkali, is known as Warburg's "Direct Method". It is the method moat widely 
used for determining respiration. As with any other method it has certain limitations; 
these are; 

1. The gases exchanged must be only Og and COg. In most cases this condition is 
not difficult to meet since In the majority of tissues these are the only gases 
involved. Warburg (I 926 ), however, points out that "the metabolism of bacteria 
is rarely so simple that it can be measured by this method". This is a somewhat 
pessimistic viewpoint, and many bacteria can be studied adequately by this method. 
However, one should always take care to check that the only gases Involved are Og 
and COg before relying upon data derived by this method. 
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2. One must work In an atmosphere free from carbon dioxide. For some tissues, this 
is of no consequence, i.e. they respire at the same rate, to the same extent, and 
follow the same pathways whether CO 2 be present or not. But for others, this is 
by no means true. Carbon dioxide may Inhibit, may stimulate, or may alter the 
path of metabolism of a given cell, hence measurements in the absence of CO 2 may 
not give a reasonable estimate of the reactions occurring in its presence. For 
this purpose the Warburg "Indirect Method" may be used (see Chapter h). 

3 . The rate of oxygen uptake, and the rate of carbon dioxide liberation and absorp- 
tion must be within a particular range so that the assumptions of the method hold, 
i.e., that the fluid is always saturated with oxygen gas (or air) and that the 
pressure of carbon dioxide in the gas phase is always zero. 

Thus, in spite of the limitations of the "Direct Method" the conditions necessary for its 
adequate functioning can be met with ease in most cases. 

RESULTS OF DETERMINATIONS 

The Warburg "Direct Method" is suitable for two general types of use: 

1. The determination of the rate of oxygen uptake. 

2. The determination of the amount of oxygen uptake. 

Both are usually measurable in the same determination. In expressing the rate of oxygen 
uptake, a quotient ("Q,") is commonly employed. Several of these are in general use. 

These are defined as follows: 


QOg = pi. Og taken up per mg. dry weight of tissue per hour. 

Qq^( K) = pl.Og taken up per ng. tissue nitrogen per hour. 

Qq (P) = pl.02 taken up per mg. tissue phosphorus per hour, or per mg. nucleic acid 
^ phosphorus per hour. 


(C) = pl.Og taken up per mg. tissue carbon per hour. 

QQ^(cell) =_pl. Og taken up per cell per hour. 

In short, one specifies in the Q term the conditions under which the rate was measured and 
the basis used to estimate the amount of tissue. In a general way: 


^2' 


(gas atmosphere) 

Q (tissue basis) 

(gas measured) 


For example: 


Op 

^2 


(N) means ^.l.Op taken up per mg. nitrogen of tissue per hour in an atmosphere of 
pure oxygen. 



means ^ 1.002 given off in an atmosphere of nitrogen (or under anaerobic con- 
ditions) per ng. of tissue phosphorus per hour. 


Uptake of a gas is indicated 'by a minus (-) sign, release by a plus (■*■). Two con- 
ventions are employed: 

1. When the gas atiaosphere is air, the condition indicator is omitted. 

2. When the tissue basis is dry weight, this indicator is omitted. 

Thus, the term is used rather than weight), and Qog(l<) nieans oxygen uptake 

in air per unit nitrogen per hour, while C^2(N) means oxygen uptake in pure oxygen per 
unit nitrogen per hour. 
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The varlouB values which are employed (Qq and Qq (N) being the most common) repre- 


sent an effort to estimate the "active" portion of the cell constituents. For example, 
many bacteria produce a "gum", a carbohydrate material on the cell surface. This material 
Is not "alive" (being usually a reserve carbohydrate that can be metabolized but slowly), 
yet It contributes to the cell volume, the wet weight, the dry weight, and, because it 
frequently occludes mineral matter from the medium, it even contributes to the ash. Be- 
cause of this gum formation, the dry weight, etc. of such cells does not actually measure 
the active cell content. In such a case one then attempts to obtain a convenient measure 
of the amount of the active portion of the call, usually nitrogen or phosphorus, or some 
other component which Is not influenced hy the mere accumulation of an "inert" storage 
product. The actual measure employed Is dependent upon the tissue one is using, and it 
should he one closely connected with cell activity. For a further discussion see Burris 
and Wilson (19^0) and Berenhlum, Chain and Heatley (1959)- Care must be taken, in com- 
paring respiration rates (Qq values) from tissues of different sorts, that Inert materials 
have not contributed to the basis used and thus influenced the rate obtained. 


It is also possible to compare the effect of the treatments without knowing the exact 
amount of tissue involved, as long as it is the same in all cases. Thus, one might use 
1 ml. of a bacterial suspension (whose dry weight, nitrogen, etc. were not known) in each 
of a series of buffers at different pH's- The effect of pH could be observed without 
determining the exact amount of tissue. 

The second, use to which the "Direct Method" may be put is the determination of the 
amount of oxygen taken up per unit of substrate added, i.e., how many moles of oxygen are 
used in oxidizing x moles of substrate. For this purpose one usually employs flasks with 
sldearms. A known quantity of the material to be studied Is placed in the sldearm. After 
equilibration, the rate of oxygen uptake Is determined In the absence of substrate (to be 
certain that It is constant), the substrate Is then tipped in, and the oxygen uptake de- 
termined until it again reaches the endogenous (respiration in the absence of substrate) 
rate. An example of this type of data is given in an experiment shown in Fig. 6 . 



FIG. 6 

Example of the use of the Warburg "Direct Method" to 
determine total oxygen uptake per unit of substrate added. 
Flasks contain: O.b ml. (containing 1.0 mg. coll nitro- 
gen) col I suspension. I ml. M/ 10 phosphate buffer pH 
7.0, 0.1 ml. HJl KOH in center well. Flask |: 0.1 ml. 

0. 1 H (0.01 mM.) pyruvate neutralized to pH 7.0 in side- 
arm, 1.4 ml. water added to main compartment. Flask 2: 

1. G ml. water added to main compartment. O 2 taken up due 
to pyruvate addition = I3G - 26 =112 pi. or 0.006 mM. O 2 . 
4s O.Oi mM. pyruvate was added, 0.6 O 2 was taken up per 
pyruvate molecule. This represents the removal of 2H from 
pyruvate or its oxidation to the acetate stage. 


It will be noted that from this type of experiment it is possible to obtain both the 
amount of oxygen used per mole of substrate and the rate of oxygen uptake. For example, 
in the experiment cited, the rate of oxygen uptake can be calculated from the period of 
50 to 60 minutes;' QQg(N) = 20b. The rate obtained under these conditions may not be, how- 
ever, the maximum rate possible, since in order to measure the oxygen taken up in a rea- 
sonable length of time one may find it necessary to add substrate in quantities Insuffi- 
cient to saturate the enzyme systems. Normally the enzyme systems are considered satu- 
rated if one obtains a straight line function with time, but occasionally Instances may 
be found in which the rate of oxygen uptake (or other fimctions of metabolism) may proceed 
in a linear manner, yet higher levels of the substrate will Increase the rate. 
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In determining the amount of oxygen taken up per unit of substrate, it is frequently 
a problem to decide whether one should subtract from the oxygen uptake observed in the 
presence of substrate, the oxygen taken up over the same interval in the absence of sub- 
strate. That is, when a substrate is being oxidized at a rapid rate, does the endogenous 
respiration continue at its constant rate, or is it suppressed, or does it increase? 

These questions have not yet been answered. Undoubtedly the response depends upon the 
tissue involved, and no generalizations can be made. However, it is always good practice 
to determine the endogenous respiration and to report it, along with the oxidation in the 
presence of substrate, and to indicate whether or not the endogenous respiration was sub- 
tracted from the substrate respiration in calculating the oxygen consumption per mole of 
substrate. Sea Van Niel (19^3) for further discussion. 

It is frequently convenient to express the amount of substrate employed in terms of 
gas produced or absorbed. Since 1 mole of any gas (at standard conditions) occupies 22. h 
liters, it is possible to consider any substance in terms of liters with each mole equiva- 
lent to 22.1 liters. The following table (Table V) makes this clear. One may thus speak 
of adding 11.2 pil. of glucose, which means that one has added 0.5 ml. of 0.001 M glucose 
solution or 5 X 10""^ moles of glucose. This terminology may not be clear when a reaction 
releases a fraction or more than 1 mole of gas per mole of substrate. For example, the 
complete oxidation of glucose releases 6 moles of CO2, and to speak of 0.5 ml. of 0.001 M 
glucose as 11.2 ^1. of glucose when 6T.2_pl. of COg actually are released is confusing. 


TABLE V 

Relation between Concentration and Gas Voluae 


Unit 

Contained in 

0.1 M 

0.01 M 

Gas Volume 
in 91I. 

1 mole 

1 millimole, 10"5 mole 
0.1 " , 10'^ mole 

0.01 " , 10'5 mole 

1 micromole, 10"° mole 

1 liter of a 1 M soln. 

1 ml. of a 1 M soln. 

10 ml. 

1 ml. 

0.1 ml. 
0.01 ml. 

100 ml. 

10 ml. 

1 ml, 

0.1 ml. 

2.24 X 10/ 
2.24 X 10^ 
2,240 

224 

22.4 


It is also possible to reverse this procedure and to determine uM of oxygen consumed 
rather than ^1. One need only divide the ^1. of O2 consumed by 22. h to obtain micromoles 
(10"5 millimoles) of the gas used. It is sometimes even convenient to employ a "Molar 
Flask Constant" rather than the usual flask constant such that the readings on the mano- 
meter may be directly converted into micromoles consumed. To obtain the "Molar Flask 
Constant" divide the usual flask constant by 22. U. It should be noted that what is mea- 
sured on the manometer is O2, not 0, i.e., its molecular weight is 52. 

W. r. Vmbreit 
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Chapter II 

THE “DIRECT METHOD” FOR CARBON DIOXIDE 


THEORY 

In the previous chapter we noted that one could measure respiration even If carbon 
dioxide were given off, by absorbing all of the carbon dioxide In alkali. Therefore, if 
one had two flasks each respiring in exactly the same way, except that in one, the 'carbon 
dioxide was absorbed whereas in the other it was not, one would have a measure of the car- 
bon dioxide liberated (Dixon, 19^5; Warburg, I 926 ). There la one precaution which must be 
noted; one tissue (absence of alkali) is respiring in- the presence of carbon dioxide, the 
other (with alkali) respires in its absence. If this should make a difference in the rate 
of oxygen uptake, or indeed in the course of the reactions followed, an error would be in- 
troduced. In most cases carbon dioxide has little effect upon the rate of respiration and 
methods will be described later (Chapter IV) which enable one to determine whether carbon 
dioxide la Influencing the respiration rate and even to measure its rate under these con- 
ditions. 


Uaing the symbols employed in Chapter I, the change in the manometer fluid level (h) 
read on the flask without alkali, is the resultant of decreasing pressure due to the ab- 
sorption of oxygen and Increasing pressure due to the liberation of carbon dioxide. 


Manometer change due to oxygen absorption = 


= 


Manometer change due to carbon dioxide production 


since = ho^ko^ 


The final observed reading h in the flask without KOH, would be the resultant of the two, 

i.e., 


^ *' ^C02^^C02 

hence 

( 1 ) xcog = (h - kco^ 


Now Xq^ Is known from the flask which contained KOH, and kQ and kgQ are known for 
the flask without KOH, hence Xqq^ can be calculated. 


Example : 1 ml. of an algal cell suspension was placed In each of two flasks together 

with 2 ml. of water. Flask 1 (k^^ = O. 96 ) contained 0.2 ml. KOH, flask 2 (kg = l.Ok, 
kQQ^ = 1 . 25 ) had no KOH. After equilibrating, respiration was permitted for ^jO minutes. 
In flask 1, the change in reading (h) was 28 mm., hence, 26 x O .96 = 26.9 ^1. O 2 taken up. 

In flask 2, over the same interval, the manometer reading dropped 9-5 mm. hence, 

^COg = - (-26.9)/l.04) 1.25 = (- 9.5 + 25-8) 1.25 = 16.3 X 1.25 = 20.4;u1.C02. 


The H. Q. (Eesplratory Quotient = CO 2 produced /O2 consumed) is in this case, 

20 . 4 / 26.9 = 0 . 76 . 


In essence this method determines the oxygen uptake in the absence of COg in one 
flask, and one then calculates what the change in reading should have been in the other 
flask if no CO 2 were produced. The uptake observed la always leas than this amount, hence 
the difference Is due to COg liberation. 


-17- 
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A convenient way of recording data and malting the calctilatlons Is to use a chart of 
approximately the following construction (Table VI). 


TABLE Tl 

Method of Calculetlng Reeulte 


Time 

Flask with KOH 

Flask without KOH 



h 

P- O2 

h 




E. Q. 


mm* ob- 

corrected 

mm. ob- 

column 5 

subs tract 

multiply 

divide 


served 

h timea 

served 

divided 

column 5 

column 6 

column 7 


change 
corrected 
for ther- 

for 

flask 

change 
corrected 
for ther- 



P ^COg 

by column 

5 


mobarom- 


mobarom- 





eter 


eter 






(2) 

( 5 ) 

(li) 




(8) 

50 

( from 

-28 

-26.9 
ko =0.96 

-9.5 

-25.8 

+16.5 

+20.1+ 

0,76 

example 

cited) 


^2 


kg =1.0k 
O2 


kC 02 =l -25 



One may also substitute in equation ( 1 ) as follows. Equation ( 1 ) Is; 


( 1 ) Xqq^ = (h - XQ^/kQ^)kQg^, the constants referring to the flask without KOE 


h'kA where h' 
^2 


and k'n 

Ug 


refer to the flask with KOH, 


hence 


’'COg = 


Therefore one may calculate the amount of CO2 released or absorbed during a given 
Interval by subtracting from the change in reading on the flask with no alkali, the change 
In reading on the flask with the alkali times the ratio of the two oxygen constants, the 
whole times the CO2 constant. 

CORRECTIONS FOR UNEQUAL AMOUNTS OF TISSUE 


It sometimes happens. In using plant or animal tissues, that one does not add exact- 
ly the same amount of tissue to each of the flasks. If the differences in amount of tis- 
sue are not large, one may merely divide the readings (h) of each flask by the weight (or 
other measure of active tissue), to obtain the uptake per unit of tissue. The readings 
obtained with the two flasks are thus comparable. Suppose that In the example listed, the 
flask with KOH contained O.97 mg. algae whereas the flask without KOH contained 1.15 Bg. 

28 

algae. In flask 1 , the change was 28 mm., or the change per mg. of tissue was = 26 . 9 ; 

O2 uptake was thus 93.9 x O.96 = 27.7 >il.02 taken up per mg. tissue. In the flask with- 
out KOH the manometer reading dropped 9-5 mm.; 9 - 5 / 1-15 = 8.25 mm. per mg. of tissue. The 
two changes are now comparable since both are based on the same quantity of tissue, hence 

Xgog = (- 8.25 - (- 27 . 7 )/l. 04 ) 1,25 = (- 8.-25 + 26.6) 1.25 = 18-55 x 1.25 
= 22.9 >a.C02 produced; E. Q. = 22.9/27.7 = O.85 
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CORRECTIONS FOR RETENTION IN BUFFERS 


When huffers are present they react with CO 2 , for example: 

NagHPOi^ + CO 2 + HgO ^ NaH 2 P 0 ij + NaHCOj 

Hence the CO 2 which may escape to the air (and be measured as x^Og) “ay be less than 

that actually produced in the intervals measured. As will be shown in Chapter J, at a pH 
of 5 or below no appreciable amount of HCOr' exists, hence if the solution is adjusted at 
the end of the reaction to a pH of 5 or below, all such "bound CO 2 " will be released. 
Therefore in order to obtain the total COg liberated in the presence of buffers, one tips' 
in acid from the sldearm and releases the CO 2 from the .buffer. Since the tissue or the 
buffer may have contained bound carbon dioxide initially, three manometers are used as 
follows: 

(1) + KOH to determine Xq^ (h) 

( 2 ) - KOH + acid added at end (h 2 ) 

( 3 ) - KOH -I- acid added at start (hj) 

The hj represents the initial boimd CO 2 , while h 2 represents that initially bound + that 
released during the respiration. One can obtain the actual COg evolved as follows: 


Initial bound CO 2 = hjkj 


CO 2 


Initial bound COp + CO 2 evolved = h 2 k 2 ^ 
Hence, COp evolved is h.^ 2 Q(y^ ^3*^3C02 


COo 


Thus, if one takes the readings after the acid is added, the h of equation (1) is not 


h 2 but h 2 - hj 


5c02 




Hence the equation (1) becomes Xqq = 


CO 2 


lig-hj 


=^C0o 


‘^COo 


A very useful method of correcting for COg retention has been suggested by M. J. John- 
son. Since at high pH values HCOi* is held in solution as well as COg, the effective 
value of a (which will be designated as a') will be larger than the true a value. Since 
pK'a from the apparent first dissociation constant for carbonic acid is 6.517 at }B°C. 

( Shedlovsky and Macinnes, 1935), 


g 

a 


(HCO^‘) + (CO2) 
(COg) 


= [^tllog (pH - 6.317)j 1 


where the pH is that in the reaction flask during the experiment. If the flask constant 
used la calculated by the use of a' instead of a, retention of COg will be corrected for 
automatically. As a' increases rapidly with pH, the retention correction becomes very 
large at pH values above 7, and the accuracy of the COg measurement suffers accordingly. 
Values for a’ /a at 30° and 37° C. may be obtained from Fig. 7 . 

RESPIRATORY QUOTIENTS 

These quotients are defined as the ratio COg produced/ oxygen consumed, and they serve 
to Indicate the nature of the metabolism. While an F. Q. of 1 would , occur upon complete 
oxidation of carbohydrate ( 0.9 for most proteins, 0.8 for most fats) the finding of these 
values does not thereby prove that metabolism of carbohydrate, protein, etc., is the catiso 
of the E. Q. Nevertheless, the E. <!• is an index of the processes occurring and should be 
measured if possible. Later sections (especially Chapter 8 ) will describe other methods 
of determining this value. 


f. r. Vmbrtit 
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Chapter III 

CARBON DIOXIDE AND BICARBONATE 

THE SOLUBILITY OF CARBON DIOXIDE 


The solubility of carbon dioxide in pure water is in essence no different from the 
solubility of other gases. While it is true that the carbon dioxide forms carbonic acid 
which dlBsoolatea to form !!■*■ and RCO^~ in accordance with equation (j), 

(3) COg + HgO ^ HgCOj ^ ^ H'*' + HCOj" 

it is also true that over 99 ^ of carbon dioxide in solution is in the form of dissolved 
carbon dioxide and leas than l^t exists as HgCOj, H*' or HCOj“. In the absence of materials 
which can combine with the acid, the solubility la comparable to that of any other gas. 
There are two factors which render the actual figures obtained on solubility in pure water 
somewhat more variable than those for other gases. One la the somewhat higher Yan der 
Waals forces which exist in carbon dioxide, which la equivalent to saying that carbon di- 
oxide deviates from the laws of an ideal gas somewhat more than other gases, but the error 
involved in manometrlo work la negligible. The other factor is that in dissolving in pure 
water, H* ions are generated so that the pH does not remain at 7 but gradually decreases 
as the pressure of carbon dioxide is increased. The a values for carbon dioxide are given 
in Table VII. 


TABLE VII 

The Solubility of Carbon Dioxide In Pure Nater 


Data In terms of a = ml.COg/ml. water or 
^.COg/^l. water at one atmosphere 


Temp. 

°C. 

( 1 ) 

( 2 ) 

( 5 ) 

0 

1.713 



10 

1.19!* 

1.191* 


15 

1.019 

1.019 

1.011 

20 

0.878 

0.878 


25 

0.759 


0.756 

30 

0.665 

0.66 


35 

0.592 



1*0 

0.530 

0.53 



( 1 ) Handbook of Chemiatiy and Physics ( 19 ^^) 

( 2 ) Dixon ( 19 ^ 5 ) 

( 3 ) International Critical Tables ( 1928 ) 


THE INFLUENCE OF SALTS ON CO2 SOLUBILITY 


As was shown in the case of oxygen, the presence of other salts, etc., in solution has 
little effect upon the solubility of carbon dioxide, within physiological concentrations, 
providing that these do not combine with the carbonic acid. As is shown in Table VIII 
the effect of various salts, although greater than with oxygen, is negligible. 

THE INFLUENCE OF CARBONATE AND BICARBONATE 


If, however, there Is anything in the solution which will combine with the carbonic 
acid (or bicarbonate ion), the entire solubility changes. Since from equation ( 3 ): 


- 21 - 
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(3) CO2 (gaa)^ "^ 002 ( dlasolved) ^ ' H'*' + HCC^" 

and since HgCO^ Is essentially dependent upon COg (dlsaolved) which is, in turn, directly 
dependent upon the pressure of carbon dioxide (pCOg) in the gas phase, the equilibrium 


TABLE VIII 

The Influence of Salte end Other Materiale upon the 
Solubility of Carbon Dioxide 


Material 

At 15°C (a values) 

At 25°C (a values) 


0.5 M 

1.0 M 

2.0 M 

0.5 M 

1.0 M 

2.0 M 

Hone 

HCl 

1/2 HeSOlt 
HHOj 

KCl 

N%C1 

Glycerol 

l.Olt 

0.969 

0.965 

1.022 

0.925 

0.9711 

0.927 

1.029 

0.850 

0.931* 

0.91*8 

0.867 

1.045 

0.756 

0.738 

0.727 

0.770 

0.695 

0.720 

0.732 

0.705 

0.781 

0.641 

0.692 

0.726 

0.669 

0.803 

0.648 


From International Critical Tables (1920) 


constant of the dissociation of the carbonic acid, which would normally be written as 
equation (**a), becomes, in reality equation (4): 


(Ita) HgCOg .. - H* r HCC5 

n,,. ^ (h")(H003-) 

(h) K, = (coi— 


(h*)(hc03’) 

(ife|C05) 


indicates the first 
dissociation constant 
of carbonic acid. 


One may solve this equation 


(If) for as follows: 


(r) 


Ki(C02) 

(HCC^') 


If one takes the logarithms of both sides: 


log (H*) = 


log 


KqlCOg) 

(HCC^') 


But a -log (H*) is termed pH, so 


pH = - log 


Ki(C02) 

(hcc^-) 


But also, since log xy = log x + log y (from definition of logarithms) 

(COg) 

(HCC^-) 


pH = - log - log 
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In addition, 


X V 

since log - = - log 

° y x’ 


the equation iomiadiately above becomes: 


(5) pH = - log + log 


(HCC^-) 

(CO2) 


- log + log 


bicarbonate 
carbon dioxide 


One may note the similarity of the term pH to express - log (H'*'), to the -log occurring 

in equation (5). Hence the expression pKj^ is quite logical and a convenient way to ex- 
press the value - log K]_. We can therefore define the term: 


pKj^ = - log 


As long as such substitutions are being made, we can include in the values em- 
ployed, another factor to account for the "activity" of the materials Involved which is 
not exactly the same as their concentration. We can thus define a pK' as follows: 

pK' = pK-|_ + log 9 where 9 is the activity coefficient of the HCOj". 

This will make the equation just a little more exact. Employing this value, then, equation 
(5) becomes: 


(6) ,I . . log 

This equation (6) is sometimes called the "Henderson-Hasselbach equation" relating 
the COg pressure, the bicarbonate ion concentration and the pH. Naturally, pK' must be 
known. This value is given by Bastings and Sendroy (1925) at Infinite dilution (pK'ia ) as 
6.53 at 38°C., by Maclrmes and Belcher (1955) as 6.3^5 at 25°C., 6.509 at 36°C., and by 
Shedlovsky and Maclrmes (1935) as 6.317 at }3°C. The evidence cited by Shedlovsky and 
Maclrmes (1935) points to 6.3I7 at 38°C. as the most probable value, and pK'„ will be 
taken as 6. 317 at 38°C. in the subsequent discussion. 

In concentrations of bicarbonate greater than infinite dilution the value of pK' will 
decrease slightly, the decrease being theoretically 6.517 - V0.5 p* The determinations 
of'MaoIrmes and Belcher (1933) show this decrease to be O.O8 p (where pi = the ionic 
strength). In the case of manometrlc measurements the highest bicarbonate concentrations 
employed are of the order of 0.1 molar. Since this alters the pK' by lees than O.OO8, the 
correction is so small that it can be ignored for most measurements. 

At temperatures lower than 38°C. the pK' will increase. The increase due to tempera- 
ture is given as 0.005 units per degree centigrade by Stadie and Hawes (I928). Shedlovsky 
and Maclrmes (1955) found that the Increase was not strictly linear, but from their data 
the following corrections may be applied: between 20 and 4o°C. the increase due to tem- 
perature is 0.005 units /°C.; between 10 and 90°C., O.O06; between 0 and 10°C., 0.010. 

For virtually all manometrlc work the value 6.517 (38°C.) is sufficiently accurate, and 
this value will increase by 0.005 units per °C. as the temperature is lowered. 

This equation (6) has very wide use, but it is subject to certain limitations. First, 
it neglects the second dissociation constant of carbonic acid (corresponding to the reac- 
tion HCOi" = H'*’ + CC^~), However, E. J. Warburg (1922) has shown that if the pH is less 
than 8, the error arising from this neglect is unimportant. Second, the equation Itself 
employs a term for bicarbonate concentration, (HCC^'), whose concentration one may not be 
able to determine exactly. For example, if NaHCOj is present, there will be HCOj" ion 
from the sodium bicarbonate and also bicarbonate ion from the dissociated carbonic acid 
(l.e., dissolved and dissociated COg). But again, E. J. Warburg (1922) showed that if the 
H'*' concentration was one one-hundredth (l/lOO) of the concentration of NaHCOj (or other 
metal bicarbonate), the bicarbonate concentration for use in the equation (6) could be 
taken as equivalent to that of the bicarbonate added. Neglect of the bicarbonate from 
carbonic acid, under these conditions, would cause an error of less than 1 part in 1000. 
Thus at pH 5 (H*" = 10*5 m), the lowest bicarbonate concentration which could be employed 
would be 10 "^M (m/IOOO). At pH 7, the lowest bicarbonate concentration which could be 
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employed would be 10”5 M (m/ 100,000). It Is obvious that in the physiological range of pH 
6-8- it would not be difficult to supply sufficient bicarbonate to overcome any error aris- 
ing from the neglect of the second dissociation constant of carbonic acid. 

In actual practice^ using contemporary tfarburg Instruments (overall accuracy of 55®’) 
it is found that if bicarbonate salts are employed, one can use the concentration of the 
bicarbonate supplied as the (HCOj“) in the equation, providing the bicarbonate concentra- 
tion supplied la at least ten times that of the H'*' concentration. (pH 6, ff*" = 10"° M, bi- 
carbonate must be at least 10"5 M; at pH 8, = 10“° M, bicarbonate must be at least 

10”^ M) . In addition, under Host practical circumstances one may use the bicarbonate sup- 
plied as the total bicarbonate concentration providing it is at least ten times the con- 
centration of other "carbon dioxide binding” materials. 


The carbon dioxide concentration in equation (6) is expressed in the same units as 
the bicarbonate, l.e., in moles per liter. Since the value usually known is the percent 
carbon dioxide, the following equation (7) is used to convert percent of carbon dioxide 
in the gas into moles per liter in the solution. 


(7) carbon dioxide 
in moles per 
liter of solution 


P a COs'lOOO 
760 . 22,100-100 


where P 
CO2 

a 


atmospheric pressure 
percent of COg at the 
atmospheric pressure, P 
solubility of COg 


Or simplifying; 

(7) COy in moles , 

per liter of = P a COg ■ O .587 • 10"° 

solution 


The term P /760 converts the atmospheric pressure to standard conditions, a represents the 
solubility in the solution Involved, 1000/22,h00 is a factor to change a from liters/liter 
to moles/llter, and 100 in the denominator converts percent CO 2 to pC 02 . 


Occasionally one will find equation ( 6 ) and (7) combined (a.s in equation 8 ). 

( 8 ) pH = pK' + log HCOj" - log P (CO 2 ) - log ^go X 221*0 

If carbon dioxide is expressed in terms of mm. Hg pressure (mm. CO 2 ) the equation may be 
written as equation ( 9 ); 

a 

( 9 ) pH = pli’ + log-HCOj - log mm. CO 2 - log ^60 x 22/4 


The "Henderaon-Hasselbach equation" shows that in order to measure COg at pH 7 there 
must be CO 2 in the atmosphere, since if the CO 2 pressure is 0, or approaches 0, the fac- 
tor log (HC 05 ")/(C 02 ) (equation (6)) becomes larger (hence the pH increases) or, if the 
pH Is held low, the HCC^" becomes zero. At a pH of 5 or below, no appreciable amount of 
bicarbonate or carbonate ion can exist, hence any CO 2 released will escape to the air. 
Thus one can measure COg evolution from urea under the action of urease (which can occur 
at pH 5) without supplying CO 2 to the atmosphere. But moat physiological reactions occur 
at pH 7, hence because of low levels of CO 2 in the air, either the bicarbonate concentra- 
tion must be kept low, or COg must be supplied in the air (if the pH is to be maintained 
at 7 ). It is obviously impossible to keep the bicarbonate low because the reaction of 
carbonic acid with tissue buffers tends to increase bicarbonate. The error arising from 
this source is only negligible in practice when the bicarbonate concentration is at least 
10 times higher than that of tissue buffers. Hence the practical solution is to add COg 
to the gas phase. It should be emphasized that if one fixes the bicarbonate concentra- 
tion, one can obtain any pH between the values of 6 and 8 by adjusting the PCO 2 and vice 
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versa. We shall worlt out several examples, but it is obvious that the el tuation can be 
altered to fit many other cases. 

PRACTICAL USE OF THE HENDERSON -HASSELBACH EQUATION 

As described in the paragraph above, it is necessary to add CO 2 to the atmosphere 
under most operating conditions. It is convenient to fix the CO 2 level at and to vary 
the bicarbonate concentration to obtain the pH desired. This concentration of COg reguires 
bicarbonate concentrations between 0.001 and 0.10 molar, and under these circumstances the 
amount of carbonate in solution is negligible. It la apparent that equation ( 6 ) 

( 6 ) pH = pK’ 

may be solved for log (HCO 5 ") and pH as follows: 

pH = pK' + log (HCOj') - log (CO 2 ) (as log ^ = log x - log y) 

- log (HCO 5 -) = -pH + pK’ - log (CO 2 ) 

(10) log (HCO 5 *) = pH - pK’ log (CO 2 ) 

In equation (10) log (COg) la expressed in moles/liter, thus substituting equation (j) 
into ( 10 ) one obtains ( 11 ): 

(11) log (HCO3-) = pH - PK- . log 

If one fixes the CO 2 at 51^ the last term becomes: 

x 1 , 2 U 0 = log Po: ( 2 . 94 x 10 - 6 ) 

At atmospheric pressure the P of course is dependent upon the exact pressure in the room; 
this pressure varies from day to day. However, the contribution of P to establishing the 
final concentration of bicarbonate is relatively small. For example, at 37°C. and pH 7.0 
a change of P from 76 O to 7^0 mm. Hg changes the bicarbonate required to obtain pH J.O 
from 0.00595 M (760 mm.) to O.OO 588 (7l0 mm.). As the temperature is lowered this differ- 
ence becomes slightly larger, e.g., at 20 °C. 0.00786 M bicarbonate is required at 76 O mm. 

and 0.00762 M at 7*t-0 mm. However, the change is still relatively small. In the following 
sections the data have been calculated for 7^0 mm. Hg pressure. Day to day alterations 
have relatively slight effect and only for the most precise work are any further correc- 
tions necessaiy. In the ordinary operation of the Warburg Instrument the error introduced 
by working at pressures other than JhO ram. is so small that it can be ignored. 

One may note that by specifying the coniltlons (55^ COp, pressure between 760 and 
720 mm. Hg calculated to 7l0 mm. Hg) equation (11) becomes: 

log (HC0j‘) = pH - pK’ + logo (2.17 X 10 * 5 ) 

The following table (Table IX) gives the bicarbonate concentration required at various 
temperatures to obtain the pH listed. The following two things may be noted: 

First , at pH 7 the concentration of bicarbonate is some value (approxi- 
mately 6 ) x 10'5 molar. At pH 6 it is this same value x 10”^ molar. At pH 
8 it is the same value x 10"^ molar. Thus one need know only the concentra- 
tion for one pH to know also the concentration required for 1 unit lower or 
1 unit higher. 

Second, the relationship between temperature and bicarbonate concentra- 
tion is a linear one and at pH 7 for each degree below 57°C. the concentra- 
tion of bicarbonate increases by 1 x lO'** molar. 
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TABLE IX 

Relation between Bicarbonate Concentration and pH. 
(Sj( CO 21 atmoapheric presaure of 740 nn. Hg.) 


Temp. 

oc. 

a 

CO2 

pK' 

Molar Bicarbonate Concentration 

pB 6 

pH 7 

1 pH 8 

20 

0.878 

6.392 

7.6 X 10"^ 

7.6 X 10-5 

7.6 X 10-2 

25 

0.759 

6.565 

7.1 

7.1 

7.1 

50 

0.66^ 

6.348 

6.6 

6.6 

6.6 

55 

0.592 

6.326 

6.1 

6.1 

6.1 

37 

0.567 

6.322 

5.88 

5.88 

5.88 

40 

0.550 

6.312 

5.68 

5.68 

5.68 


These facts make possible the construction of a chart (Fig. 8) which facilitates the 
rapid determination of the bicarbonate concentration required. The line for 37°C. has 
been drawn In, since this is the temperature usually employed; however, concentrations 
required at any other temperature (between 20 and hO°C.) may be read by connecting the 
temperature scales at either end of the chart with a straightedge. A few examples given 
below will illustrate its use; with the chart the practical selection of the bicarbonate 
concentration for the pH desired becomes very simple. The chart itself is sufficiently 
accurate to furnish the degree of precision required for studies with the resplrometer. 


Examples : 


(1) At 57°C. what bicarbonate concentration is necessary to obtain a 
pH of 7.2, 7.6, 6.8? 

7.2 9.2 X 10‘5 M = 0.0092 M 

7.6 25 X 10-5 M = 0.025 M 

6.8 56.7 X 10 -'^ M = 0.0056 M 

(2) At 25°C. what bicarbonate concentration is necessary to obtain a 
pH of 7-2', 6.8? 

7.2 11 X 10-5 M = 0.011 M 

6.8 45 X 10-^ M = 0.0045 M 


(5) 


At 57°C. and in 5 ml. liquid a reaction starting at pH 7-4 (l4.5 x lO'J M 
bicarbonate) evolves, from acid production, 200 yiL, of COg and then stops 
abruptly even though considerable substrate remains. At what pH did the 
reaction stop? 


200 ;il. of CO2 represents 20o/22.4 or approximately 9 CO2 = 9 x IQ- 
moles. This amount was produced in 3 !»1> of liquid. Each ml. of the 


14.5 X IQ-5 


= 14.5' X 10-° moles 


bicarbonate solution at the start had 

A 10 , 

of bicarbonate. As 9 x 10-° moles total or 5 x 10-° mDles/ml^. have been 
used, the amount remaining is (l4.5 - 3) x 10-° or 11.5 x 10-° molea/ml. 
This is equivalent to 11.5 x 10-5 molee/llter and corresponds to a 
11.5 X 10-5-molar concentration. Ejy referring to the chart it is appar- 
ent that the pH corresponding to this concentration is 7.5' In general 

original molar ^ j^q- 5 final molar 

concentration - ff^ii ^ gg.l, = ooncentr^lon 

of bicarbonate 


of bicarbonate 
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; Bicarbonate concentration 

: Molar X 10'^ for pH range 7-8 
-4 

"Molar X 10 for pH range 6-7 


Atmosphere in flask 
at 740 (720 to 760) mm. Hg 
and contains 5% COg 
(with 50% COj increase 
bicarbonate concentration 
10 fold) 

I I I I I I M ! 

^==il 



mesHiiKS 




Hill 

■h 

mu 




imyililiinniimi 


iHsiiiiisiiinHnii 


IHI 

in 


lim 


II 






Chart for dotoralnlng tho proper blcirbonito coneontrition to uio at a given 
pH, PCO2 and teaperature. 
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THE USE OF BICABBONATE BUFFERS FOR MEASURING ACID PRODUCTION 
UNDER ANAEROBIC CONDITIONS 

In the absence of oxygen there can be no respiration (l.e., oxygen uptake). With a 
bicarbonate buffer and an atmosphere containing COg, as described in the previous section, 
COg released by the cells will escape Into the atmosphere and can be measured manometrical- 
ly. If any acid, is produced under these conditions It combines with metallic ions former- 
ly associated with bicarbonate, and as a result COp is released. Hence, in bicarbonate 
buffers and under anaerobic conditions both metabolic COp and COp liberated through pro- 
duction of acid can be measured. Procedures for obtaining anaerobic conditions are de- 
scribed in Chapter 5. 

If one employs a tissue which does not liberate COp when metabolizing anaerobically, 
it is simple to determine the acid produced since one can take the CO 2 released from bi- 
carbonate as a measure of the acid production. Another way which has been used to differ- 
entiate the "fermentation" COp from COp released by acid, is to determine the CO 2 produc- 
tion in the absence of bicarbonate and to subtract this from the COp produced in its pres- 
ence. However, the determination of the rate of COp production in the absence of bicar- 
bonate is unsatisfactory with most tissues, since to avoid any great effect of bicarbonate 
produced by interaction with buffers ("COp retention") one must work in low concentrations 
of buffers. The COp and acid liberated soon reduce the pH from the initial point and fre- 
quently stop metabolism. 

A method which permits o.ne to differentiate between the "metabolic COp" and COp re- 
leased by acid (both being measured as COp liberated under anaerobic conditions) is the 
following; 

Liberation of COp will have little Influence on the bicarbonate concentration, as the 
amount liberated is small relative to that in the gas phase and will not alter the pCOp 
appreciably. However, any acid which is liberated will produce COp from bicarbonate, and 
the amount of bicarbonate will decrease. adding sufficient acid to measure the bicar- 
bonate remaining one can estimate the acid and the metabolic COp. Two manometers (plus a 
thermobarometer) are required. Each flask has tissue, buffer, bicarbonate, and a known 
pCOp, and the gaseous and liquid phases are in equilibrium. Each has acid (usually 0.1 - 
0.5 ml. 3N EpSOij.) in the sidearm or in "Keilin tubes" (see Chapter 5)- This quantity of 
acid is sufficient to stop the metabolism Instantly and to reduce the pH below 5 (usually 
between pH 1 and 2) upon addition. In some rare oases the tissuee are resistant to acid, 
so a poison la added along with the acid. After equilibration the acid is added in one of 
the flasks. The increase in manometer reading times kQQg gives the total initial bicar- 
bonate available measured as COp. COp output is measured for the experimental period in 
the other flask. Acid is then tipped in. In this case the amount of COp released by the 
acid is a measure of the residual bicarbonate. Ibe difference between this and the initial 
bicarbonate gives the amount of COp produced by acid formation. Any other COp released is 
that produced by the tissue as COp and does not represent acid production (Warburg, 191*1, 

1926). 

The usual Warburg instrument with 15 ml. flasks is capable of measuring over JOO ^1. 
of COp. Since 1 ml. of 0.001 molar NaHCOj will release 22.4 ^1. of COp, one may use as 
much as 1 ml, of 0,01 M NaHCOj (which in 3 ml. total volume at 3T°C. and with % COp gives 
a pH of 6 . 75 ) and release all the COp as gas by tipping in acid. This will not extend the 
fluid in the manometer beyond its graduated range, providing one starts the experiment 
with the open end of the manometer at a low level ( below 100 mm. ) . 

Acid production under anaerobic conditions la usually spoken of as "glycolysis", and 
when animal tissues are enployed the acid is largely lactic acid. In other cases, how- 
ever it is not valid to make the assiunption that the product is lactic acid or that it 
is largely lactic acid. Hence, calculation of the acid produced as lactic is likely to 
result in error. Fortunately there is now available a very specific chemical method for 
the determination of lactic acid in the flasks (see Chapter I 5 ), so that one can actually 
determine how much of the acid produced is lactic acid. 
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THE INFLUENCE OF CABBONATE 

It has taen pointed out that the "Henderaon-Hasaelhach equation" neglects the second 
dissociation constant of carhonlc acid. In the presence of hlcarhonate and CO2, most of 
the Na'*’ and KT*' ions are associated with hicarhomta but some carbonate does always exist. 
The question is, is there enough of this to make any difference? The CO2 or acid produced 
will combine with carbonate and convert it to bicarbonate. This reaction releases no gas, 
so the CO2 or acid Involved will escape manometric estimation. The equations involved 
are : 


(H"*-) (HC05-)/H2C0j = (H'^) (HC05-)/(C02) = = 5 x lO'T. 

(H+) {GO^'~)/eCO^- = Kp = 6 X 10-11 


Ki/Kp = K' 


COo 


/ 


(H^)(HC0;-) / (E^-) (00;=) 


HCOj- 


= (HC05-)2 /(CO2) (CC^-) 


Thus K' = K^/Xg = 5 X 10-'7/6 x 10"^^ = O .5 x 10'^ = 5 x 10+3 = 50OO 

Using yfi COg with a bicarbonate concentration of 0.01 molar at 25°C., the concentra- 
tion of carbonate la: 


CC^" = (HCOj'j^/COgK' = (0.01)2/1.52 x 10‘3 x 5 x 10*5 = 10*V5 x 1.52 = 
1.32 X 10*5 moles CO5 /liter 

In short, this is such a small quantity that it may be neglected. 

r. r. V»breit 
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Chapter IV 

THE “INDIRECT METHOD” OF WARBURG 

The one haslc difficulty with the "direct" manometrlo methods described In Chapters 1 
and 2, was that, In order to measure oxygen uptake, one was forced to work In an atmos- 
phere free from COg. Yet for many tissues there was always the possibility that perhaps 
such measurements were not valid for this very reason, l.e., the rate of respiration, and 
even the course of the reactions, might be altered In the absence of COg. For example, 
decarboxylation reactions, which In the body tissue inlght be In equilibrium with COg, 
would be forced to completion if the COg were all removed, and the Influence of this situ- 
ation upon the rate or course of oxygen uptake could not be estimated. Using the direct 
method there was no way of determining whether or not the presence or absence of COg had 
an effect. 

This problem was solved, at least partially, by Warburg (1924, 1926) who described a 
method which has since been termed Warburg's "Indirect Method". The principle upon which 
the method Is baaed la that if one has two gases of markedly different solubility, one can 
measure the exchange of each by comparing the manometric changes when exactly the same re- 
action Is carried out In two flasks which have either markedly different fluid volumes, or 
markedly different gas volumes. 

PRINCIPLES AND DERIVATIONS 

We shall confine ourselves to the discussion of a case in which one has two flasks of 
approximately equal volume containing markedly different volumes of fluid. It will be ap- 
parent that exactly the same equations hold for other circumstances (see later). We shall 
also confine the discussion to the gases Og and COg (whose solubilities are markedly dif- 
ferent), but it will be apparent also that any other gases may be substituted providing 
their solubility in the fluid in the flasks is different. 

Suppose that we have two flasks of approximately the same volume, but containing dif- 
ferent volumes of fluid. The same amount of tissue is placed in each and the same reac- 
tion occurs in each. In order to distinguish the two flasks, we shall use small letter 
symbols for the flask containing less fluid, (h = change in reading on manometer, kQg = 
flask constant for Og, k^Qg flask constant for COg, - xq^ = amount of Og taken up, ixcog = 

amount of COg liberated, etc.) and capital letters (fl, ^Og^ ^COg etc.) for the 

flask containing the larger amount of fluid. This is purely conventional and it is obvi- 
ous that the symbols can be exchanged without influencing the derivation in the least. We 
also shall employ a different derivation than was used by Warburg (1924) because, to our 
minds, the derivation below is easier to understand and serves to emphasize that the 
derivation employed by Warburg is perfectly general; In short, that It Is applicable to 
situations other than those described by him. 

Taking first .the flask with the smaller volume of fluid, the change observed on the 
manometer (h) is due to two things: 

(a) The uptake of oxygen (hQ^) 

(b) The release of COg (hQQ^) 


Thus: 


^(observed) ~ ^2 * ^COg 
but by definition: 

^2 ° ° (Bince Xq^ = 


- 50 - 
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Therefore : 

(12) ^(observed) ~ ^ ^C 02 ^^C 02 

If the same reaction has occurred in the second flask containing the larger yolume of 
fluid, the change observed on the manometer (h) will similarly be: 

However if the identical reaction has occurred in each flask, the amount of oxygen 
taken up (xq^, Xq^) in each case should be the same, and the amount of CO 2 released should 
be the same (X^Qg' hence: 

(13a) XQg = Xog’ ’'COg = ^COg 

Thus one may substitute (15a) in either equation (-12) or ( 15 ) 

(It) from equation (12) h = Xq^/Icq^ + 

( 15 ) from equation (15) H = XqJKq^ + xco^/KcOg 

DETERMINATION OF OXYGEN EXCHANGE 

One can combine equations (12) and (13) in another way. Suppose that one solves 
equation (12) for XQOg in tiie following way: 

equation (12) h = XQ^/kog * ^COg/^^COg hence, 

^COg/'^COg = h - XQ^/kg^ OP 

(1^) 5^002 " *^02 


yielding: 

or 


From equation (13), in the same way one ottaina 
(IT) XgOg = ^COg (h ■ ^g/^g) 


But as was shown In equation (15a) xcOg = XcOg, hence equations (l6) and (17) are 
equal to one another, or 

(i8) ^COg (^ ■ ’^g/hOg) = i^Og 

But equation (13a) also showed that Xq = this can he auhatituted to yield 

equation ( 19 ) : ^ ^ 

( i-9 ) hggg( h ■ ^a^^og) = Kc02(® ‘ 

The thing we are Interested in determining Is Xq^ (or ^Og, since both are equal), 
hence solving for Xg^ as follows: 

Multiply out equation (19): 

hhcOg ■ ^ghcOg/^Og = HKcOg - XOgKgOg/^g 
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Transpose terms : 

= ®^02 ■ ^*^ C 02 

Take out Xq^; 

'^ 02 ^^ oJ ^2 ' ■ “^002 


(20) XOg = Xo^ = 


®^02 ■ ^C02 
^02 

^2 *^2 


Note : One vlll aometlmea find this equation written with the capital and small 
letters Interchanged (Dixon, 19*^5)• It may he noted that this is exactly 
the same equation except that the sign of both numerator and denominator 
have been changed. 

The oxygen taken up (xq^ or Xq^) depends on the reading of one flask (H) times its 
CO2 constant (KC02) less the reading of the other flask (h) times its COp constant (kpo^) 
divided by a constant which is calculated from the ratio of the CO2 and oxygen constants 
of the first flask less the ratio of the same constants for the second flask. Equation 
(20) may be modified to: 

(21) XO2 = ^2 ’ ^C02^'^(02) 

where 0(0^) = constant = Kco^/Kog - 

Once this constant (Cjo^)) has been calculated from given experimental conditions, 
the calculation of the oxygen uptake becomes relatively simple. Normally one prepares a 
table of this sort: 


(1) 

(2) 

(5) 

(i^) 

(5) 


H 

0 

ro 

h 

^>^002 

Difference 

^02‘^C02 


Observed, cor- 
rected for 
thermobarom- 
eter changes. 

Multiply 
column (1) 
by Its flask 
constant for 
CO2. 

Observed, cor- 
rected for 
thermobarom- 
eter changes. 

Multiply 
column (5) by 
its flask con- 
stant for CO2. 

Subtract 
column (^) 
from column 
(2). 

Divide 

column 

(5) by 
°(02)- 


In making such calculations one must be careful to retain the algebraic sign of each 
measurement, l.e.. If the level of fluid In the manometer drops, -h la used. If It rises, 
+h. (See example below). 


DETEHHINATION OF CO2 EXCHANGE 

In an entirely similar manner one may use equations (12) and (I3) to calculate the 
CO2 exchange. Suppose that one solves eqxiatlon (12) for In the following way: 

From equation (12) h = XQ^/hg^ + 

(22) X 02 = (H - 
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From equation (13) In the same way one obtains 

(23) Xog = (H - Xco^/Kco2)Ko2 

But xq^ = ^2^ from equation (15a), hence equations (22) and. (23) are equal to one 
another, or: 

(21+) (h - Xco^/kQo^jltQ^ = (H - 

Equation (13a) also shoved that x^Og = ^Og’ hence for we can substitute Xqq^ 

(25) (h - XcOg/^COg^'^g = (H - ^COg/^Og^^g 

Equation (25) may be solved for Xqq (the COg liberation or uptake which we are trying 
to determine) as follows: 

Multiply out (25): hkQ^ - = ^Og ' ’^Og^g/^COg 

Transpose terms: ' “^Og 

Take out ^02(%2/^0g " '^g/'^COg) = ^Og " ^^^g ^e.ncs, 

Sq ko 

(26) XC02 = ^Og = (HKog - - k^’ = '“^2 ■ 

The carbon dioxide taken up (If X^q = -) or given off (if Xqq = +) Is equal to the 
change in reading on one flask times the^oxygen constant of that flask, less the change of 
reading on the other flask times Its oxygen constant, divided by a constant. 

Once this constant: 


*^(002) = *^ 0 g/^ 0 g * ^Og/^COg 

has been calculated from given experimental conditions, the calculation of the COg eX' 
change becomes relatively simple. A table such as that used for oxygen may be used: 


(1) 

(2) 

(5) 

{•+) 

(5) 

(6) 

H 


h 

hkog 

Difference 

HKog-hkog 

co^ 

Observed, cor- 
rected for 
thermobarom- 
eter changes. 

Multiply 
column (1) by 
Its flask 
constant for 
Og. 

Obaerved, cor- 
rected for 
thermobarom- 
eter changes » 

Multiply 
column ( 3 ) 
by Its 
flask con- 
stant for 
Og- 

Subtract 
column (4) 
from column 
(2). 

Divide col- 
'jmn (5) by 
constant 
'^(COg)- If' 
value in 
column Is + 
COg is li- 
berated; If 
- COg taken 
up. 
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SUMMARY 

%■ using two flasks of approximately aq^ual volume, one of which contains more fluid 
than the other, two equations were derived In the previous paragraphs which permit one to 
determine the oxygen uptake (or release) and the CO 2 production (or uptake). These equa- 
tions are: 

(21) XO2 = = ™COg ■ ^02/^(0g) 

(26 ) = Xqo^ = (HKq^ - hkog)/C(0o^) 

Where the C(0g) and C(COg) represent conatanta calculable from the experimental set- 
up employed. 

This procedure permits one to determine Og uptake and COg production in the presence 
of adequate supplies of COg, and thus enables one, by a comparison with the results of the 
"Direct Methods" described in Chapters 1 and 2, to determine whether or not COg does in- 
fluence the rate or the course of the process involved. 

THE EQUATION CONSTANTS 

The constants employed in the equations (No. (21), (26)) for calculating the oxygen 
and carbon dioxide exchange were defined as follows: 

<^(03) = ■ ‘'COg/^g 

*^(002) = ■ '^/*'C02 

In Chapter 6 methods of determining and calculating the flask constants (k or K) are 
described. Here It may be noted that: : 



It is therefore convenient to have not only the oxygen and carbon dioxide constants 
of each flask recorded for various volumee, but also their ratio. (It is not true, how- 
ever, that is the reciprocal of 


EXAMPLES OF THE USE OF WARBURG’S "INDIRECT METHOD” 

We will cite an experiment on algae to Illustrate the use of the "Indirect Method". 

1 ml. of a suspension of Chlorella cells (containing 0.1 ml. packed wet cells) was placed 
in each of two Warburg flasks (No. 5 total volume = 13.9 “C--: No. 7, total volume 13.3 ml.). 
In the first flask was placed 1 ml. of m/iOOO phosphate buffer (pH 4.5) (flask No. 3, 
kog =_ 1 . 08 , kcog = 1-22); In the second, 5 ml. of the same phosphate solution was added 
(flask No. 7, K 02 = 0<67, KcOg = ^'09) • No added COg was supplied to the air. After 
equilibration at 3B°, readings were taken at 5 minute intervals. The readings obtained 
(corrected for thermobarometer changes) were as follows: 



Flask No. 5 (h) 

Flask No. 7 (H) 

First 5 minutes 

0 

-k.5 

Second 5 minutes 

-2 

- 5.5 

Third 5 minutes 

-1 

- 7.0 

Fourth 5 minutes 

0 

- 3.5 
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Oxygen uptake calculations are shown in Table X; CO2 exchange calculations are shown 
in Table XI. 


TABLE X 

Oxygen Exchange 



Flask 7 

Flask 5 


Time 

H(mm) 

®'C02 

h( mm) 

l^COp 

Difference 

j1L.02 

9um 

5 

-4.5 

-4.9 

0 

0 

-4.9 

-9.8* 

-9.8 

10 

-5.5 

-6.0 

-2 

-2.4 

-5.6 

-7.2 

-17.0 

15 

-7.0 

-7.6 

-1 

-1.2 

-6.4 

-12.8 

-29.8 

20 

-3.5 

-3.8 

0 

0 

-3.8 

-7.6 

-37.4 


^^02 ° *^02 = 

* = -^-9/0(02) = -‘t.9/.5 = -9-8 


Kcog/^oa = 1-09/0.67 = 1.65 Hcoa/'^a = i-22/i-o8 = 1.13 

^(Og) = ^ 0/^2 ' =-0-50 


TABLE XI 

Carbon Dioxide Exchange 



Flask 

7 

Flask 5 


Time 

H 

HKq2 

h 

*^2 

Difference 

^il.COg 

Sum 

5 

-4.5 

-3.0 

0 

0 

-3.0 

+11.1* 

+11.1 

10 

-5.5 

-5-7 

-2 

-2.2 

-1.5 

+ 5.6 

+16.7 

15 

-7.0 

-4.7 

-1 

-1.1 

-3.6 

^•13- 3 

+50.0 

2o 

-3.5 

-2.3 

0 

0 

-2.3 

+ 8.5 

+38.5 


K02 = 0.67 iop = 1-08 

‘^(002) = V^02 ' *^2^^002 = 1/1:63 - 1/1.15 = 0.615 - 0.885 = -0.27 (Bee Table X) 


* l.e. - 3 . 0 /-O .27 = +11.1 


The data thus obtained have been plotted in Fig. 9 from which it is apparent that the 
B. Q. la very close to 1, i.e., for eveiy molecule of oxygen consumed, one molecule of CO2 
is liberated. The example has been chosen to show that eren relatively small changes in 
volume of either gas can be estimated <iulte accurately. It also hap been chosen to illus- 
trate, that under the conditions employed (i.e., pH k. 3 ) it is not necessary to add CO2 to 
the gas phase, in order to measure the respiration. In Fig. 9 ve also have drawn In the 
oxygen uptake curve (broken line) obtained on the same algae when the CO2 was absorbed by 
KOH (in the Warburg "Direct Method", Chapter 1). Comparison of the two curves shows that 
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the presence, of COp does have an effect In thla case, since respiration In the presence of 
cop Is less than respiration In its absence. 



Solid linei are graphe of data Illus- 
trating use of the "Indirect Method" of 
Marburg. The broken line is for osygen 
uptake neasured by the "Direct Method". 
See text. 


A second example employing a slightly , 
different principle follows. In this case 
flasks of different volumes containing the 
same volume of fluid are employed. The ex- 
ample below deals with an unsupplemented iso- 
tonic brain homogenate which one does not 
wish to dilute since soluble oofactors may 
diffuse out of the tissue. The reaction 
studied is the oxidation of glutamate in the 
presence of ammonia and adenylic acid, and 
for the sake of simplicity any effects of 
bound cop and retention are ignored. In each 
of two flaeke were placed the following ma- 
terials: 0.2 ml. 0.1 M KpHPC)l4.-KHpP0l(., pH 
7.3; 0.4 ml. 0.5 M KCl; 1.1 ml. isotonic 
(I.15?t) KCl; 0.1 ml. 0.1 M MgCOj; 0.2 ml. 

0.1 M glutamate (pH 7): 0.1 ml. 0.1 M 
( NB!|. ) pHPOh ; 0.5 ml. 0.01 M adenylic acid 
(pH 7): and 0.6 ml. isotonic KCl 10^ rat 
brain homogenate. The larger flask (No. 12) 
had the constants Kq^ = 1.5*+, = 1 . 70 , 

and the smaller flask (No. 1) had the con- 


stants kQg = 1.06, kjQg = 1.22. The readings 
obtained, corrected for thermobarometer 
changes, were as follows: 



Flask 

No. 1 (h) 

Flask 

No. 2 (H) 

Ist 10 min. 

-5 

-2 

2nd 10 min. 

-10 

-6 

3rd 10 min. 

-4 

-2 

next 20 min. 

-7 

1 

-4 


Calculations of oxygen uptake are shown in Table XII, and calculations of COp exchange 
are shown in Table XIII. 


TABU XII 
Oxygen Exchange 


Time, 

Flask 12 

Flask 1 


Min. 

H 


h 

l+^COp 

Difference 

> 

O 

ro 

Sum 

10 

-2 

-3.4 


-6.1 

+■2.7 

-54* 

-54 

20 

-6 

-10.2 


-12.2 

+2.0 

-4o 

-94 

30 

-2 

-5.4 


-4.9 

+1.5 

-30 

-124 

50 

-4 

-6,8 

-7 

-8.5 

+1.7 

-34 

-158 
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TABLE XIII 

Carbon Dioaide Eichange 


Time, 

Flask 12 

Flask 1 


Min. 

H 

HK 02 

h 

kk02 

Difference 

CO 2 

Sum 

10 

-2 

- 3.1 

-5 

- 5.3 

+2.2 

+55 

55 

20 

-6 

-9-3 

-10 

-10.6 

+1.3 

+53 

88 


-2 

- 3.1 

■I 

-k.2 

+1.1 

+27 

115 


-h 

-6.2 

H 


+1.2 

+30 

11+5 


(CO2) = TtS - 


The results have teen plotted in Mg. 10 together with the oxygen uptake results ob- 
tained by means of the direct method (Chapter 1) and the carbon dioxide results obtained 
by the direct method (Chapter 2). Note first that while there are differences (the in- 
direct method gave higher values) there is also relative agreement. This is striking if 
one considers that the actual readings in the case of the indirect method were from 2 to 
5 mm. per interval. Yet the results obtained are a reasonably accurate estimate of the 
progress of the reaction. 


OXYGEN EXCHANGE CARBON DIOXIDE EXCHANGE 




FIB. 10 

Griphs of data obtained for 
oxygen exchanga and carbon di- 
oxide exchange by the direct and 
i ndi ract aethod. 


APPLICATION TO OTHER GASES 


It should be pointed out that this type of system can be applied to gases other than 
CO 2 and Og- For gases "a" and "b", the equations (No. (20), (26)) become 


Xa = 


HEb - hkb 


Ka 


kb 


and ib = ^b = 


HKa - hka 

b. b 

Kb ' Kb 


One may note that should gases '*a" and "b” have the same solubility ^ then _ Kb 
and kg = kb hence both equations equal infinity. Hence one can only apply this method to 
gases^whose solubilities differ appreciably. 
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PRACTICAL USE OF INDIRECT METHODS 

In order to obtain data upon which a calculation may be baaed, one can do any of 
three things; 

1. Uelrg flasks of approximately the same volume, employ markedly different volumes 
of fluid. 

2. Using the same volume of fluid, employ flasks of different volume. (See, for 
e xamp le, Emerson and Lewis, 19^*1 and example above.) 

3. Using flasks of the same volume, employ different amotmts of fluid, and markedly 
different amounts of tissue such that the ratio of tissue to fluid medium Is the 
same In both cases. The derivations of this third type of use are somewhat dif- 
ferent than previously described. Since we have not used this procedure, and 
since It offers no advantages over the two procedures listed above, we omit con- 
sideration of it here. Essentially one holds the tissue to fluid medium ratio 
constant, divides the observed manometer changes by the amount of tissue, and 
then calculates as described in the examples given. We have yet to convince our- 
selves that this is a Justifiable procedure, but Dixon (19l^5, page 77) considers 
It "preferable" to procedure 2 (above). 

For a given situation, not all of these methods are equally suitable. For exanqile, 
a reaction whose rate Is dependent upon the concentration of a diffusible substance, such 
as a coenzyEDs, will not proceed at the same rate in a flask containing a large amount of 
liquid as In a flask containing a small amount of liquid. Hence, procedure 1 will give 
erroneous results, whereas procedure 2 will give valid results. Under other clroumBtances 
procedure 1 might be preferrable to procedure 2. 

The derivations we have described above are somewhat different from those given by 
Warburg (1924). They have been developed in this way to emphasize the broad applicability 
of this method. Warburg's treatment, while a perfectly general one, has been more or leas 
Interpreted as a specific solution to the problem, and workers using the method have usual- 
ly attempted to duplicate the conditions used by Warburg, rather than to employ the princi- 
ples he emphasized In methods more suited to their conditions. It Is not necessary for 
the success of this method to use the modified flasks Warburg describes, to work In bicar- 
bonate buffers at the concentration and at the pH that he employs, nor Is it necessary to 
work in an atmosphere of 5)^ COg. These conditions may be altered by the investigator at 
will and by the application of the laws of CO 2 - bicarbonate - pH equilibria, outlined In 
Chapter 3, a wide range of conditions may be employed. 

ADAPTATION TO MORE COMPLEX MEASUREMENTS 

In the previous derivations and discussion we have described how it is possible to 
determine two gases simultaneously if their solubilities differ. One would have a very 
reasonable chance of determining oxygen and hydrogen, for example. Physiologically, how- 
ever, we are interested mostly in oxygen and carbon dioxide, and, as discussed In Chapter 
3, carbon dioxide while obeying the general laws of solubility, also forms carbonic acid 
which can react with bases, and this alters the entire "solubility" picture. 

If one is studying a reaction tdiioh produces no acid, but only CO 2 , and can operate 
at a pH below 5 (for example, urease acting on urea) one may employ a system with no CO 2 
added to the atmosphere. Such reactions are, however, quite rare. An example of oxygen 
uptake and CO 2 release under these circumstances is the respiration of add tolerant sul- 
fur bacteria (Vogler, LePage and Ttobrelt, 1941), but with few exceptions (Vogler, 1942) 
such reactions are not sensitive to the presence of CO 2 end can thus be more readily mea- 
sured by more direct methods. 

In the more normal physiological ranges, bicarbonate buffers may be employed: in this 
case a CO 2 pressure in the atmosphere is required (see Chapter 3) iii order to maintain a 
given pH. If the concentration of bicarbonate ion Is at least 10 times greater than any 
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other carton dioxide retaining agent, the practical error Involved from COg retention ty 
other materials is usually negllgltle. Thus it is possltle to use a Einger's solution 
vlth ticartonate at a definite COg pressure and obtain adequate measurements of gas ex- 
change. It is under these circumstances that the method has been most widely used. As 
discussed previously, another difficulty arises if acid is produced as well as CO2, since 
both will appear in the pressure changes as CO2. What has usually been done is to assume 
a definite and constant H. Q. (usually taken as 0.9 or 1.0), i.e., for every oxygen taken 
up one (or 0.9) COp is released. One then takes any extra COo beyond this figure as be- 
ing due to acid production. But frequently, far from permitting assumptions of a definite 
and constant E. Q., this has been Just the point which one wished to measure. Actually 
the problem of distinguishing between "respiratory CO2" and acid production under these 
circumstances has never been critically solved although ingenious methods which approach 
a solution have been devised (Dixon, 19*t3). 

If one wishes to work with media containing large amounts of CO^-bindlng materials 
(protein, serum, etc.), the retention of COg in the medium may become so large as to en- 
tirely invalidate the results of such measurements. The problem of "serum retention" 
(Warburg, 19S5) has been approached and a reasonably satisfactory solution supplied for a 
few oases. But so complex do the conditions of operation become that most workers have 
studiously avoided such experiments. It is beyond the scope of this manual to describe 
these methods since they are admittedly too advanced for the beginner and are, in addition, 
of rather limited application. Before undertaking such studies a relatively long experi- 
ence with manometrlc methods is probably necessary. Descriptions of the techniques em- 
ployed and the theory upon which they are based will be found in papers by Warburg (1925), 
Warburg (I926), Warburg, Kubowitz, and Christian (1951), Dixon (19*13), W-XOn and Elliott 
(1950). The most general use of the "indirect" methods of Warburg has been in the deter- 
mination of whether the presence of CO2 (as bicarbonate) does indeed influence the reac- 
tions one is studying. If CO2 is without effect, the "direct” methods are convenient and 
generally preferable. A short discussion of "retention" will be found in Chapter 8. 

ir. f. Umbriit 
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Chapter V 

USEFUL TECHNIQUES IN MANOMETRY 


The practical operation of any inatrument always Involves details which are not readi- 
ly recognized by the description of the procedures or the theory of the instrument. We 
have collected below some of the techniques which are useful with the Warburg instrument. 

CLEANING GLASSWARE 

All reaction flasks must be cleaned thoroughly. . There are many methods for cleaning 
manometric glassware, but only a few which are widely used will be described here. The 
most suitable method to employ will depend upon the reactions and types of enzyme prepara- 
tions being studied. Often tissue homogenates are sensitive to metal contamination, where- 
as bacterial suspensions may be insensitive to small amounts of metals but markedly af- 
fected by traces of vitamins or other organic substances. When fatty preparations are 
used, thorough washing with an organic solvent is necessary; if the film of fat la not re- 
moved it may permit alkali to "creep" out of the center well. Under many conditions a hot 
water rinse is adeqxiate for removing grease. Three practical methods for cleaning reac- 
tion vessels follow; 

1. Diohromate method; 

(a) Place flasks in unleaded gasoline to remove grease, or remove with gasoline 
on a cotton swab. 

(b) Wash with water. 

(c) Place in cleaning solution for 12 - 2k hours. (Cleaning solution; dissolve 
6} g. sodium (or potassium) dichromate by heating with 55 U-. water. Add 
cone. HgSQj to 1 liter.) 

(d) Remove, wash by rinsing in distilled water at least six times. Some operators 
place the flask in dilute NaOB (5 g. /liter) after removing the excess chromic 
acid before rinsing with distilled water. 

2. Nitric acid method; 

(a) Place flasks in gasoline for 50 minutes to remove grease, or remove with 
gasoline on a cotton swab. 

(b-) Wash with water. 

(o) Transfer to a mixture of equal parts of concentrated HgSCt and MOj in a 
Pyrex dish. Heat this mixture for 50 to 60 minutes in a hood. Cool. 

(d) Relieve, wash several times in distilled water. 

5 . Calgon method ; 

(a) Remove grease with gasoline on a cotton swab. Rinse with water. 

(b) Immerse in a pan containing 1 tablespoonful Calgon per gallon of water. 

(other detergents comparable to Calgon may be employed; sulfonated higher 
alcohols also have been used' successfully. ) Boil gently for 15 minutes. 
Excessively long boating or boiling the pan dry will accelerate etching of 
the flasks. A cylindrical Pyrex jar with a copper coil immersed in the Cal- 
gon solution provides a convenient cleaning bath; the bath is heated by pass- 
ing steam through the coil. The Immersed flasks also may be heated in the 
autoclave. 

(c) Rinse several times with distilled water. 

OPERATIONAL TECHNIQUES 

Grease : The grease used in lubricating the ground glass Joints of the flask-mano- 
meter coimectiqns or the plugs for the sidearms is usually either anhydrous lanolin or 
heavy vaseline. The grease used for the stopcock on the manometer is preferably a good 
stopcock grease such as la used for burettes. 

-kO- 
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At high temperatures Celevacsne light (Distillation Products Co.) Is useful hecausa 
of Its small change In consistency with changing temperature. The use of silicone greases 
Is not advised heoauae they are very difficult to remove from glassware. 

Brodle's Solution : A formula of a convenient solution is the following: 

23 grama NaCl 

5 grama Sodlum.choleate (Merck) 

In 500 ml. water^ 

Density 1.033 

Pq = 10000 

Evan Blue (200 mg. /liter) or acid fuchsln are excellent dyes for the fluid; other 
dyes may be used, hut some of these tend to decompose in the manometer. Obviously many 
materials may be used In the manometers, and for each It la only necessary to know its 
density. 

Organic Liquids as Manometer Fluids : A possible objection to the use of Brodle's 
solution, although not a particularly serious one, la that the evaporation of water from 
the solution in the manometer increases the salt concentration and density of the mano- 
meter fluid. A single compound with a density equal to that of Brodle's fluid would pro- 
vide a manometer fluid that would not change in density upon evaporation. An Inspection 
of tables of organic compounds reveals a considerable number with densities close to 
1.033 g-/ml. (Po = 10,000). Many of these are of little utility because they are diffi- 
cult to obtain, expensive, volatile, too viscous, or because they attack rubber. Ethyl 
lactate (I. 03 I g./ml. at 20°C.), plus crystal violet or malachite green for coloring, is 
the best of the compounds we have tried; It Is somewhat more sluggish In its response than 
is Brodle's solution. 

Clerlcl Solution : 

7 grams thallium formate 

7 grams thallium malonate 

1 ml. water 

Density about k; Pq value about 2500 

Mercury : It is convenient, when using mercury, to place a drop of water at the top 
of each column. This permits the mercury to flow freely. Density about I 3.6 (dependent 
on temperature); Pq = 7^0. 

Eemovlng bubbles In ma nometer column : If the column of Brodle's fluid Is broken in 
the manometer It may be readily joined again by rapidly compressing the rubber Brodle 
fluid reservoir with the finger and then releasing the pressure slowly. Eepeating this 
soon raises the bubbles to the surface of the liquid. 

Adding manometer fluid : Draw the fluid into a hypodermic syringe. Jab the needle 
throiigh the rubber tubing near the base of the reservoir and inject the desired quantity 
of fluid. This is a good method also for adding fluid to or removing it from a manometer. 
The rubber tubing reservoir may be filled before it is attached to the manometer and addi- 
tions of fluid can be made through the open arm of the manometer (if the column of fluid 
is broken in the process it may be rejoined as described in the preceding paragraph). 

f. f. Vmbreit, H. H. flarrii, J. F. 


READING THE MANOMETER AFTER IT HAS PASSED THE GRADUATED RANGE 

It sometimes happens that, due to the addition of gases or their absorption, the ad- 
justment of the fluid in the closed arm of the manometer causes the fluid in the open arm 
to come to rest at a point off the graduated scale of .the open arm. A method (Vogler, 
191 * 2 ) for adjusting the zero point on the closed arm so that a reading can be obtained 
follows : 
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Adjust the fluid in the closed arm until that In the open arm Is on the scale. The 
distance one has moved the fluid In the closed arm from the zero point la called "e". 
Eecord the reading In the open arm. Adjust the closed arm so that the fluid is a distance 
2e from the zero point. Record the reading In the open arm. The difference between the 
two readings of the open arm Is the amoxint to be added to or subtracted from the first 
reading to give the actual reading If the closed arm had been at the zero point. 



FIG. II 

Olagraa Itluetrating the nethod of 
reading the nanoaeter after It has passed 
the graduated range. 


Theoretical : If the volume of gas (Vg) he 
decreased x by raising the level of manometer 
fluid In the closed arm by e cm. , the corre- 
sponding pressure Pq will he Increased by y so 
that: 


Since x = ffr^e and x' = TTr^ f^ where "r" Is 
radius of the capillary tube of the manometer: 

y/y' = Tfr^e (y + Pq)/ TTr^f (y' + F^) 

= s (y + Po)/f (y' + Pq) 


(Vg - X )(Po + y) = VgPo or 

Vg y = X (y r Pq) (See ITg. 11). 

Similarly if the fluid In the closed arm 
be raised f cm., the corresponding volume change 
(x') will cause an Increased y' so that: 

Vg y' = x'(y' + Po) 

Thus: 

y/y' = X (y Po)/x'(y' + Pq) 


Since Pq Is large (10,000 mm. of Brodie's solution),, and y and y' are small, an accuracy 
of 1 $ Is possible, If y and y' are not greater than 100 mm. (10 cm.), by considering 
y + Pq = y’ + Pg, from which y/y' = e/f. 

If W were defined as the difference between the reading at y and y' (closed arm at 
e or f), then 


y'-y = W or y'=W+y 

Thus: 

y'e (W » y) e _ We *■ ye 

y - f = f - j. 

fy = We + ya 
y (f - e) = We 



If f were chosen to equal 26, then y = W. 

"y" Is the distance off the scale (when closed arm Is at zero point) from the first 
reading on the scale (when closed arm is at e). 
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ILIUSTEATION 1. Oxygen uptake is unexpectedly rapid and upon returning the closed 
arm to Its zero point ( 250 mm. ) the open end does not reach zero. ^ adjusting the closed 
am to 26O; the reading la 3; hy adjusting to 270, the reading is 8. Hence e = 10; 
f = 20; W = 5: y = We/f - e = 5- Beading at zero point was 5 ■ 5 = -2. 

ILLUSTRATIOH 2. In order to obtain a reading on the scale, it was necessary to ad- 
just the closed arm to ^0; (e = 30 from zero point of 250) hence 2e is lii®ossible (310), 
since closed arm scale will not read to this point. Beading at 2B0 = 5- Beading at 
300 = l6. 

y = We/f -e = 11 X 50/50 - 50 = 350/20 = 16.5 
Beading at zero point = 5 “ i6.5 = -11. 5* 


H. f. Umbreit 


ANAEROBIC MEASUREMENTS 

Anaerobic conditions are generally obtained in respiration vessels by thorough flush- 
ing with nitrogen freed of oxygen. The oxygen-free nitrogen Is passed directly from a 
tank or from a combustion tube throi^gh a manifold to the Warburg flasks which are shaking 
In the bath. Ten minutes of slow flushing or passage of a liter of gas through each flask 
should suffice to remove oxygen. Linde Air Products now supplies high purity diy nitrogen 
with a minimum purity of 99-99$- This gas is Inexpensive, and a tank of it supplies by 
far the moat convenient source of gas for producing anaerobic conditions. If such a 
source of nitrogen Is not available, ordinary tank nitrogen may be purified by passing It 
through heated copper turnings In a combustion tube at 600 to 700°C. A more thorough re- 
moval of oxygen is accomplished by passing gas through cupric hydroxide which has been 
precipitated on dlatomaceous earth and then dried and reduced with hydrogen. This mixture 
is effective at 200 to 300OC. (Meyer and Bonge, 1939). Other gases, e.g. hydrogen or 
helium, may be purified by the same procedures as nitrogen (with hydrogen the combustion 
train must be flushed to remove oxygen before the heat is applied). 

The evacuation procedure described under "Altering Gas Mixtures" may be used to ob- 
tain anaerobic conditions. Four evacuations to 75 mm. % residual pressure should leave 
only about 0.3 pi. of the original oxygen In a 15 ml- flask. The gas may be added direct- 
ly from a tank or from a heated combustion tube. 

Alkaline pyrogallol In an absorption tower Is less effective than hot copper for re- 
moving contaminating oxygen. In addition, alkaline pyrogallol absorbs any CO2 present In 
the gas mixture, and certain concentrations of alkaline pyrogallol are reported to liber- 
ate 00. Small pieces of freshly cut yellow phosphorus added to the center well or side- 
bulb of a Warburg flask will remove 
residual oxygen that may remain af- 
ter incomplete flushing. However, a 
thorough flushing with oxygen-free 
gas should obviate the need for this. 

The addition of phosphorus Is some- 
what undesirable, as the fumes 

which form before oxygen- free gas is 
passed through the system may be ab- 
sorbed with resultant alteration In 
the pH of the medium. When phos- 
phorus is depended on to rid the 
flask of oxygen, initiation of the 
reaction must be delayed until the 
manometer indicates oxygen uptake by 
the phosphorus has ceased. 

Occasionally the use of hot cop- 
per for removing oxygen may be unde- 
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slratle, for example, Keilln ani Hartree ( 19 ** 5 ) found that nitrous oxides formed In the re- 
action Inhlhited the action of catalase. The following method will serve under such clr- 
cumatances: To a stoppered Erlenmeyer flask or bottle (as indicated in Fig. 12) add 1 to 
2 grama of yellow phosphorus and sufficient water to cover the phosphorus when tilted but 
not sufficient to cover the phosphorus when the flask is level. Fill the flask with the 
gas mixture (preferrably by evacuation; see below), and then expose the phosphorus by 
placing the flask in a level position. Leave it in this manner for 2 to 3 days. The 
treatment may be shortened to 20 to 30 minutes by placing the flask in a water bath at 
6o°C. (the phosphorus melts and must be shaken frequently). The phosphorus reacts with 
any oxygen present to produce phosphorus pentoxlde which gradually dissolves in the water 
and forma phosporic acids. The oxygen-free gas then may be transferred to Warburg flasks 
by the evacuation method described below. Suction flasks are desirable when the gas mix- 
tures are prepared by evacuation. With explosive gas mixtures (e.g., those containing Hg) 
exposure of the phosphorus should be made slowly and the operator should be protected. 


ALTERING GAS ATMOSPHERES 


At times it is necessary to work with gas mixtures other than air. For this purpose 
sldearm flasks of the form shown in Fig. 13 are used; when the stopper of the sldearm is 
appropriately turned gas can be vented through the sldearm. Gas 
mixtures are supplied through the opened stopcock of the olosable 
arm of the manometer. 

It is necessary to run about a liter of gas through the flask 
to assure that all aiip has been displaced. By the use of a mani- 
fold arrangement an entire bank of flasks may be supplied with gas 
at one time. As an indication of the rate of gas flow a "U tube" 
la attached with rubber tubing to the sldearm stopper. The end of 
the glass "U" is pulled out into a capillary and dips below the 
surface of the water in the constant temperature bath; bubbles 
from the tube show the passage of gas. 

When a uniform gas mixture is to be used routinely, e.g., 

5)t CO 2 95^ Og, it Is convenient to purchase such a mixture in 
steel cylinders. When small quantities of a number of mixtures 
are necessary they may be prepared in stoppered bottles by filling 
the bottles with water and displacing measured quantities of water 
with the gases comprising the mixture--the water is displaced di- 
rectly Into a graduated cylinder for estimation of volume. Alternatively, the stoppered 
bottle may be evacuated, flushed with one of the component gases and then filled with the 
various gases to the desired pressures as Indicated by a mercury manometer. The gas mix- 
tures may be displaced from the bottles with water and passed through the Warburg flasks. 
(When the mixtures contain COg, the use of water as a displacing fluid will alter the com- 
position of the gas mixtures unless the water is previously saturated with CO 2 at the CO 2 
pressure used.) 



FIB. 13 

Sldearm flask Kith 
gas-vest. 


Displacing air from respiration flasks by flushing with a flowing stream requires 
considerable amounts of gas. This procedure is costly with expensive gases and undesir- 
able when carbon monoxide or other poisonous gases are being used. To decrease the amount 
of gas necessary to flush a flask we have employed an evacuation procedure. With the 
McGllvery manometer (Chapter 8) it Is particularly convenlant to gas by evacuation; with 
the Warburg manometer the following method is applicable: Tubes in the form of a reversed 
h with a T at the top of the h are connected in series (a bank of 7 manometers la easily 
treated at one time), as illustrated in Fig. lU, and attached with rubber tubing to both 
arms of the Warburg manometer. The Brodle fluid is lowered to within a few cm. of the 
bottom of the manometer columris, as it will rise during the evacuation. After making sure 
that the manometer stopcocks are open, the screw clamp A is opened and the system is 
evaoiiated by means of a water aspirator until there is about 75 Hg residual pressure, 
as indicated by mercury manometer C. Screw clamp A is now closed and clamp B opened; 
water in bottle D displaces gas from storage bottle E into the system until atmospheric 
pressure is reached. After two more evacuations and refllllngs the replacement of the 
original atmosphere is sufficiently complete, l.e., approximately O.l^t of the original 
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gas remains. On the last filling the pressure is allowed to huild up until gas spills 
through the mercuiy manometer. The rubber tubing is then removed at F and the excess gas 

is lost from the flasks obviating the dif- 
ficulties that would arise if a small 
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Apparatus for altering the gaa ataoaphere by 
the evacuation method. 


vacuum were left to suck air into the 
flasks. The stopcocks on the manometers 
are closed immediately and the manometers 
placed on the bath; as the flasks warm up 
the stopcocks must be opened momentarily 
to release gas. If desired, the evacua- 
tion procedure may be performed in the 
constant temperature bath, thou^ this 
generally presents no advantage. 

When the system is under vacuum, the 
rubber tubing which serves as a reservoir 
for Brodle fluid will be compressed push- 
ing the fluid up in the manometers. It is 
necessary to use tubing with reasonably 
heavy walls to minimize this effect. Al- 
though a vacuum better than 75 mm. Eg 
residual pressure can be obtained readily, 
its use is not recommended routinely be- 
cause of the bubbling of the Brodle fluid 
that may occur. It is helpful to de-gas 
the Brodle fluid under vacuum before fill- 
ing the manometers. Capillaries are- in- 
troduced in the vacuum and gas lines to 
limit the rate of gaa flow; sudden changes 
two columns of the Warburg manometer be- 


in pressure are not registered uniformly on the 
cause the large volume of gas leaving or entering the Warburg flask must pass through the 
caplllaiy tubing of the manometer. If the stopcock of the manometer is closed or plugged 
vacuum is applied to one side of the manometer only, and fluid may be displaced into the 
evacuation line- 


The method of adding gases by evacuation requires only a tenth to a twentieth as much 
gas as the flushing procedure, and one is always certain that every dead space in the most 
complicated flask has had its initial gas displaced by the desired gas mixture. Although 
the procedure was evolved originally to save valuable gases it has proved so convenient 
that we use it routinely. 

E. H. Burri$ 


METHODS OF PREPARING GAS MIXTURES 


Displacement Procedures: If pure gases are available, mixtures may be prepared by 
the displacement" of water or other fluid. One usually prepares flasks or bottles com- 
pletely 'filled with the confining fluid, and allows the various gases to enter until a 
given quantity of the fluid has been displaced. The examples below will clarify the 
actual procedure: 


Example: Gas mixture required: 100 ml. of 20^ O2, 50^ ^2, 50^ ^2* ^2 Is added 

to displace 50 ml. of water from a flask completely filled with water. 20 ml. of water 
are displaced with Oo and a further JO ml. displaced with Ep. An alterative p^cedure, 
in case pure Np were not available would be; Add 50/.8 = 62.5 ml. air (of which 50 ml. 
la Np, 12.5 ml. Op), 7.5 ml. Op (20 ml. required in all less 12,5 nil. added with air 
equals 7.5 ml. still required), and JO ml. Hp. 


Displacement procedures are quite adequate, but one must be certain that the gas dls 
placing the water is at atmospheric pressure, or at least that all gas added to form the 
mixture is supplied at the same pressure. 
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Evacuation Pro ce dura : Atmospheric pressxire Is ohserved on a harometer. The gas bot- 
tle, In which the mixture Is to he made, is attached to a manometer, as shown In Hg. 15. 
Connection A Is closed (and kept closed throughout the operation), B is opened, and the 
flask Is evacuated hy attaching a water pump at C. Gases are 
added through C until the proper mixture is obtained. The pro- 
cedure Is best Illustrated In the examples below. Any shaped 
container of any volume may be employed with no alteration In 
the method of preparing the gas mixtures. 

Example 1: Gas mixture required: 20)t Og, 50^ N 2 , 

Atmos, pressure = 748 mm. Eg. Using air for the nitrogen 
source (assuming 80)t Np and 20^6 Op in air), one needs 50)t of 
748 am. = 374 mm. of Np. To obtain this amount of Np from air, 
one needs 374/. 8 = 467-5 mm. of air. Hence one would evacuate 
with the water aspirator until the mercury in the manometer 
stood at (748 - 467-5 =) £60.5 mm. 20f> oxygen requires of 
748 mm. = 149.6 mm. However 93-5 mm. have already been added 
with the air, hence 56. 1 ran. of pure oxygen are to be added. 

One then attaches an oxygen source to C, and admits oxygen 
until the level of mercury In the manometer reaches (aBO.5 - 
56.1 =) 224.4 . 50^ hydrogen requires 30^ * 748 mm. = 224.4 mm., 

hence one attaches a hydrogen source to C, and permits hydrogen 
to enter ui.til the manometer reaches zero (224.4 - 224.4 mm.). 

To prepare gas mixtures which contain no oxygen, evacuate 
the gas bottle, refill with one of the components of the gas 
mixture, repeat this process twice, and proceed from this 
point. This Is Illustrated In the two examples given below: 

Example 1: Gas mixture required: Hp, COp, 15lt Np. 

Atmospheric pressure, 748 mm. ; aspirator can evacuate to 720 mm. 

Evacuate to 720, return to zero with evacuate to 720, return 
to zero with Hp. Evacuate to 149-6 mm. (gas remaining In bottle 
la Hp); add CO2 to 112.2 (from 149-6 - (0.05 x 748)), return to 
zero with pure Np. 

Example 2: Gas mixture required: 20)t Hp, 20 ^ Np, 60^t He. 

Atmospheric pressure, 748; aspirator can evacuate to 720 mm. 

Evacuate to 720, return to zero with Hp or Np (helium Is more expensive and la not em- 
ployed In the flushing out process). Repeat twice. Evacuate to 598.4 (gas remaining In 
bottle Is Hp or Np), return to 448.8 with Np (or Hp); return to zero with Helium. 

THE USE OF CYANIDE AS AN INHIBITOR 

Cyanide Is a useful Inhibitor in the study of oxidations because it penetrates cells 
readily and strongly Inhibits heavy mstal'(not necessarily Iron) catalysts. HCN Is a weak 
acid and Its salts In solution consist largely of undlssociated HCN. Further, In spite of 
Its ready solubility, HCN is volatile and is absorbed, along with COp, by the alkali. 
Similar properties have been reported for azide (Machlls, 1944). In the previous edition 
of this book a theoretical analysis of HCN volatility was given together with tables of 
KOH-KCN mixtures for COp absorption In the center alkali cup. The composition of these 
mixtures, essentially as described by Krebs (1935), was Intended to be such that HCN would 
be In equilibrium between the alkali well and the reaction chamber so no Interchange of 
HCN would occur. However, Klggs (1945) has demonstrated that the assumptions made are not 
valid and that experimentally a much more complex situation Is Involved. He suggests, 
therefore, that the cyanide concentration In the experimental vessels should be determined 
enqjlrlcally. However, Bobbie (1946, 1948) and Bobble and Lelnfelder (1945) have developed 
methods for maintaining the cyanide concentration In the experimental fluid at known 
levels. Die best of these methods Involves the use of mixtures of calcium cyanide and 
calcium hydroxide. These mixtures are applicable to a wide range of concentrations and 
provide a constant tension of HCN (and a virtually constant pH in the center well) even 
though gas Is given off or COp absorbed. Since Ca(0H)p is only slightly soluble and a 
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Apparatus for pre- 
paring gaa slaturea by 
evacuation and refill- 
ing. 
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large excess is kept in suspension in the center well, a reserve is constantly available 
to replace that lost ly precipitation of CaCOj. In addition the very large reserve of HCH 
in the center well permits the adjustment of the center well concentrations so that they 
will provide the HCIf necessary for the experimental fluid; thus this fluid will differ 
from a control only by the presence of HCH. 

TABLE XI y 

Coepoiitlon of Center Well Field at 37. i° C.* 


HCH 

Ca(CN)2 

• KCN 

10‘2 M 

1.45 M 

- 

10 '3 M 

0.32 M 

- 

10'*^ M 

0.38 M 

0.83 M 

10-5 M 

0.0046 M 

0.078 M 

10"^ M 

0.0005 M 

- 


*Adapted from Bobble (1948). Calcium cyanide 
solutions contain 10^ Ca(0H)2 suspension. 

KCN solutions contain 0.5 M KOH. For inter- 
mediate concentrations and for other tempera- 
tures refer to Bobble (1948). 


The methods of preparing the calcium cyanide and its use are described in detail by 
Bobbie. For convenience a few of the data are collected in Table XIV, but before precise 
work is done on cyanide iihibition the publications of Bobbie, particularly Bobbie (1948), 
should be consulted. 


ADDITION OF MATERIALS DURING THE COURSE OF THE REACTION 


It frequently is desirable to add substances to reaction flasks during the course of 
the reaction. This usually is accomplished by using Warburg flasks equipped with one or 
more sidearms (Fig. l6). After tipping in material from a eidearm, rinse the sidearm with 
some of the fluid from the main compartment of the flask, and then tip 
this back into the main compartment. Without such a rinse quantitative 
transfer of the material from the sidearm is not obtained. When remov- 
ing manometers and attached flasks from baths for such operations, place 
a finger over the open end of the manometer; this prevents expansion or 
contraction arising from temperature changes from pushing out or suck- 
ing back the fluid from the manometers. Do not fill sidearms to full 
capacity. If the sidearm la capable of holding 1 ml., it is best em- 
ployed for contents of 0.5 nil. or less. This not only prevents any ma- 
terial from spilling over into the main compartment prematurely, but 
also allows more rapid attainment of equilibrium between the gas phase 
and the liquid in the eidearm. Unless the two phases are at equilib- 
rium, gas may suddenly be taken up or evolved when the material from 
the sidearm la tipped into the main compartment. 
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Double el dean 
Warburg flttk. 


It also is well to adjust the composition of the materials in 
the sidearm so that only one factor is altered upon the addition of 
its contents to the main compartment. For example, addition of 0.5 

ml. m /10 glucose to a bacterial suspension in m /50 phosphate buffer' altera not only the 
glucose concentration but the phosphate concentration as well. 


"Kellin cups" provide a means for adding materials to flasks with Insufficient aide- 
arms. "Kellln cups" are small tubes (Koilln, 1929) provided with a small hook, of plati- 
num wire or glass, by which they may be hung from the edge of the center well. They can 
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be dislodged bj a careful Jarring of the apparatus. It Is possible (as pointed out by 
Dixon, 194;) to add more than one material by use of two "Kellln cups" with hooks of dif- 
ferent lengths; one cup is released by a less vigorous Jar of the apparatus than the other. 

Usually, however, the addition from sldearms Is 




preferrable. Among the most useful "all purpose" 
flasks are the two sldearm flasks equipped with a 
gas venting plug (Fig. I6). 

ZERO POINTS 

The zero point should be chosen to make maxi- 
mum use of the graduated scale of the manometer. 
When gas uptakes are measured 250 mm. Is a con- 
venient point; when gas evolution is measured 
50 mm. is convenient. 

The following method using 150 mm. as the 
zero point la suggested by Dr. Cohen; In measur- 
ing gas uptake the manometer fluid is set, with 
the stopcock open, near the bottom of the scale as 
shown in Fig. 1?. The stopcock is closed. Adjust- 
ing the fluid to the zero point of 150 mm. in the 
closed arm raises the fluid in the open arm to 
near the top of the graduated scale. In measuring 
gas release, the opposite type of setting is em- 
ployed as indicated in Fig. 1?. This permits the 
use of the same zero point for both uptake and re- 
lease of gas and makes maximum use of the gradu- 
ated scale. 

I. f. Umkreit 

CONSTANT TEMPERATURE 
BATHS AND SHAKING APPARATUS 

The basic requirements for the bath which 
holds the mlororespirometers are that it be cap- 
able of maintaining a uniform constant temperature 


throughout and of providing adequate shaking of 
Diagram illuatrating the nanometer flasks. Wide latitude in shape and size of 

aatting to obtain ■axiauhi range. permissible, but in the past the 

standard design has been a rectangular bath carry- 
ing 7 manometers on each of 2 sides. Shaking has been provided by a rooking or a recipro- 


cating motion. 


Recently, Lardy, Gilson, Sipple and Burris (1948) have described in detail a circular 
bath and a modified shaking mechanism which possess distinct advantages over the earlier 
apparatus (Fig. I8; photograph coxirtesy GME, 4 Franklin St., Madison, Wisconsin. A circu- 
lar bath with pivotal shaking is also sold by American Instrument Company). Manometers 
may be placed around the entire periphery of a circular bath, so the unit is more compact 
than a rectangular bath of equal capacity. A bath 22 inches in diameter will accommodate 
18 manometers. The extra manometers available substantially improve the productivity of 
the apparatus. The instrument is arranged so that the entire shaking mechanism may be 
rotated, thus each manometer may be brought directly in front of the operator without his 
changing position. This feature permits the apparatus to be installed in a corner or 
along a wall with only one side of the bath accessible, whereas the rectangular bath must 
occupy a space- consuming, open position in the room to provide accessibility from 5 sides. 
A uniform temperature is easily maintained in the circular bath, for it contains no "dead 
spots" to hinder circulation. Hie water is circulated either with a centrifugal pump 
mounted beneath the bath or with a stirring motor mounted on the central column. 
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The first circular models were provided with the conventional rooking type of shaking 
device. This was chosen because the manometers can be read without stopping them, whereas 



FIG. 18 

Circular bath, shaking nechanisn and nano- 
■etar supports for aicrorespl roiseters. 


a reciprocating shaker must be stopped for 
accurate reading because the manometer 
fluid bounces excessively. Later circular 
models have employed a pivotal shaker; the 
flask describes a considerable arc while 
the manometer scales move very little. 

The alight movement of the manometer scales 
is toward and away from the observer, and 
the scales may be read while moving with 
virtually the same ease as when they are 
stationary. Comparisons of the rooking, 
reciprocating and pivotal types of shaker 
have shown them all to be very effective 
in providing agitation of the contents of 
the flasks. 

The circular apparatus is to be recom- 
mended for its ease and speed of operation 
and its econoBy of space. It has been 
tested for several years and has proved 
remarkably free of mechanical troubles. 

H. A. Lardy and R. H. Burrit 
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Chapter VI 

DESIGN AND CAUBRATION OF FLASKS 


It is of otivioua Importance to icnow the exact volume of flasks used on a mlororesplro- 
meter. Several methods of calibration are described below together with methods of cal- 
culating and using flask constants. 

CALIBHATION WITH IIEHCURY 

Perhaps the simplest method of calibration is tha^ of Krebs (I929). This method 
determines the flask volume to within 51^ and is especially convenient for calibration of 
complicated flasks, e.g., Dixon-Keilin flasks. However, in practice this method is less 
accurate than the other methods described. 

Although calibration with mercury may appear more laborious than other methods, it la 
the most accurate method available and is not particularly time consuming after one has 
had a little practice. 

With a diamond point scratch a permanent reference mark about 1 cm. above the flask- 
to-manoneter ground Joint. Weigh the Warburg flask empty. Fill the flask with clean mer- 
cury, and by using a capillary pipette with a bent tip tease any small air bubbles trapped 
at the sides and bottom of the flask to the surface. Place the flask on the dry manometer 
Joint and seat the Joint. If there is too much mercury or insufficient mercury to rise to 
the mark scratched on the capillary manometer, remove or add mercury with a capillary 
pipette until the mercury Just reaches the mark when the Joint is seated. Immediately 
plunge a thermometer into the flask of mercury and record the temperature. Weigh the 
flask and mercury. 

Bore a hole in a rubber stopper to fit over the manometer ground Joint, and put the 
stopper about half way onto the Joint: this forms a well at the inlet to the manometer. 
Pour mercury quickly into this well with the manometer in an inverted position. This pro- 
cedure minimizes the possibility of getting air bubbles in the mercury column. Tip the 
manometer to allow mercury to flow into the graduated arm of the manometer. Open the 
stopcock and allow the mercury to drop into contact with the stopcock. Remove the rubber 
stopper thus dumping the excess pool of mercury (it is convenient to work over a shallow 
box or tray lined with a sheet of paper to catch mercury) . Tip the manometer until the 
mercuiy column coincides with the scratch mark and record the reading on the graduated 
manometer column. Weigh the mercury in a tared weighing bottle. Repeat the above proce- 
dure, this tine introducing a shorter continuous column of mercury. Tip the entire column 
into the graduated manometer tube and record the mm, of tubing that it occupies. Weigh 
this mercury. Accept room temperature as a reasonably accurate measure of the temperature 
of the mercury. 

Calculate the volume of the Warburg flask to the scratch mark by dividing the weight 
of mercury by its density at the recorded temperature. In the same manner find the volume 
of the manometer from the scratch mark to the recorded level, and the volume of the mea- 
sured length of manometer tubing. Determine the volume of the manometer tubing per mm. 
length, and with this value correct the volume measured from the scratch mark to give the 
volume from the scratch mark to the 250 mm. mark. Calibration at the 250 mm. point is 
most convenient for studies of gas uptake. From the volume determined per mm. tubing 
length the calibration can be shifted to any other reference point that proves useful; 
the 50 mm. point is suitable when gas output is to be followed. 

The sum of the flask volume and the manometer volume to the 250 mm. mark minus the 
liquid volume to be used in the flask is the Vg to be substituted in the equation to de- 
termine the flask constant. For density of mercury consult Table page 60. 

Schale's (1944) procedure has been modified by Santiago Orisolla to permit separate 
calibration of flasks and manometers, since It is useful to have flasks calibrated on more 
than one manometer in case of breakage. Grlsolla's method is as follows: 

- 50 - 
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(a) Scratch a mark on the aidearm of the manometer ahore the ground glass Joint. 

(h) Loosely clamp the manometer to a rlngstand at an angle of about 50° with the 
aidearm uppermost. 

(c) Fill a short rubber tube fitted with a screw clamp with mercury and attach to 

the gas Inlet tube of the manometer. The stopcock should be open and the rub- 
ber tube pushed on far enough so that the mercury almost comes to the sideam 
scratch and to the reference point (usually 150 mm.). 

(d) Tilt the manometer and adjust the screw clamp so that the mercury level Is exact- 

ly at both the scratch mark and the reference point. 

(e) Close the stopcock and pour out the mercury from the manometer Into a tared recep- 

tacle. Weigh and calculate the gas volume of the manometer. 

(f) Place the manometer upright, fill the flask to be calibrated with mercury, and 

insert its aidearm plug. Bemove any air bubbles with the aid of a wire. 

(g) Seat the flask on the ground Joint of the manometer. If the mercury level is 

above or below the scratch mark on the manometer sldearm, remove or add small 
portions of mercury with the aid of a medicine dropper. Adjust until the level 
coincides with the mark when the flask is firmly seated. 

(h) Pour the mercury into a tared vessel, weigh, and calculate the volume of the 

flask. 

(l) Add the values from (e) and (h) to obtain the total volume (Vg Vf) for a given 
flask and manometer. 

This method has proved to be very efficient. After the manometer has been calibrated, 
further flasks may be calibrated with the manometer mounted and containing fluid. 

A. H. Burrit and R. t, UcGilvery 

CALIBRATION WITH WATER AND MERCURY 

The manometer is emptied, and cleaned; with the stopcock closed, mercury is run into 
the ground Joint while the manometer la inverted. % tilting the manometer it is easy to 
adjust the mercury level so that it is exactly at the 250 mm. point (or other reference 
point). The level of the mercury in the ground Joint arm is then marked; this can be done 
conveniently with a thin strip of gummed paper. The mercury is emptied and weighed. This 
weight permits the calculation of the volume of the manometer from the 250 mm. point to 
the mark on the ground Joint arm. 

The clean dry flask with aidearm plugs in place is weighed. It is then filled with 
distilled water which has been boiled to remove dissolved gases and cooled. Water is 
added or removed until the level Just reaches the mark on the manometer arm when the flask 
is firmly seated. It is well to add Just enough water so that the level rises about a mn. 
above the mark- -the excess can be removed by lowering the flask slightly and reseating; 
this will force a small quantity of the water between the glass Joint and the flask whence 
it can be removed from the outside by absorption with a strip of filter paper. When the 
water has been adjusted to the mark, the flask is removed and weighed. From the tempera- 
ture of the water its density can be ascertained, and the volume of the flask to the mark 
can be calculated. This added to the volume from the mark to the 250 mm. point gives the 
total volume of the system. 

CALIBRATION FOR INTERCHANGEABILITY OF FLASKS 

Allen (19^) has described a method whereby any flask can be used on any manometer 
without direct calibration for that manometer. This is particularly convenient when re- 
placement is necessary. A flask is weighed and then filled with enough meroiuy to rise 
about 1 cm. into the manometer arm. It is then placed on the diy Joint of the first mano- 
meter of a series arid seated. A line is scratched with a diamond point at the top of the 
mercury column. Cbe then repeats the procedure and marks the point to which the mercury 
rises on all other omnometers of the series; care is taken to be sure that the tenperature 
of the mercury does not change or that none is spilled. The manometer volumes are then 
calibrated to the mark as described under calibration with mercury. From this point on 
it is only neoessaiy to calibrate any flask to the reference mark on any manometer, and 
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the Vg for that flask In comhlnatlon with any of the other manomsters of the aeries can he 
calculated readily. 

r. ir. Vmbreit 

CALIBRATION OF THE BARCROFT DIFFERENTIAL RESPIROMETER 

The constant of the Bancroft differential nanometer may he arrived at hy three 
methods: (1) hy calculation, using the simplified eiiuation (equation 37, page 67); (2) hy 
the Miinzer and Neumann method and (3) hy liberating or absorbing a known amount of gas in 
the reaction vessel by means of a chemical reaction. The first two methods are preferred 
hy nest workers, although the third has certain advantages. Xt cannot be too strongly 
en^jhaaized that, whichever method la employed, the conditions under which the constant is 
determined must be the same as those which will prevail during the course of experimenta- 
tion. If not, a correction must be applied. 

Determining the constant by calculation : The usual case is to calculate the constant 
for O2, i.e., K()2(NTPyi 'A' la determined by running in sufficient mercury to form a 
100-150 mm. column in the graduated portion of one side of the manometer. While holding 
the manometer hy its ends to avoid a change in temperature, measure the length of the mer- 
cury column in positions. Run the mercury into the other side of the manometer and 
repeat the measurements. The length of the column in the several positions serves as a 
measure of the uniformity of the bore of the capillary tubing. The volume of the mercury 
column la calculated from the weight and density of the mercury at the ten^ierature of the 
room. 'A' then equals the volume in ul. divided ly the average length in mm. The A values 
for both sides of the manometer should agree to within 5^! if not, it is desirable to 
check the Kq^ obtained hy this method with one of the other two methods; method (2) is 
readily adaptable to determining the Kog value for different values of h, which covers 
this variation in cross-sectional area of the manometer tubes. 

To determine the volumes of the vessels and their manometer tubes: An index mark is 
made on each manometer limb about 1 cm. above the ground-glass vessel- joint. Attach a 
small funnel to the stopcock capillary with a 25-hO cm. length of rubber tubing. While 
manipulating the manometer in an Inverted position, add mercury through the stopcock 
capillary until one meniscus coincides with the index mark and the other meniscus coin- 
cides with the "zero" on the graduated portion of the manometer (the 15 cm. graduation). 

Of course, there must not he any trapped bubbles of air. The stopcock is now closed and 
the mercury in the manometer limb shaken out eind weighed. The volume of the mercury is 
determined from its weight and density, and it represents the volume of the manometer limb 
from the "zero" of the manometer to the "Index mark". The same procedure is followed to 
determine the volume of the other manometer limb. The volumes of the flasks, which have 
been labeled E and L respectively, are determined at the temperature of the bath. Using 
a bit of filter paper held with curved forceps, or a pipe cleaner, to remove bubbles of 
trapped air, fill each flask with sufficient mercury so that the mercury la forced up to 
the "index mark" on the manometer limb when the flask is attached to its manometer limb. 
Ordinarily this requires time and patience. The mercury-filled vessel is placed in a 
shallow dish (a t.ea-glass coaster works very well) and the whole supported in the bath 
with the neck of the vessel projecting above the water. Allow time for temperature equi- 
libration. Take hold of the coaster and neck of the flask, and carefully work the neck of 
thg flask onto the ungreased Joint of its capillaiy limb. When this operation is properly 
carried out no mercury is trapped in the ground-glass joint. Usually the meniscus of the 
mercury does not coincide with the "index mark" on the first trial. Return the coaster- 
supported flask to the bath, and add or remove mercury from the flask with a capillary- 
tipped eye-dropper. After allowing time for temperature equilibration, again attach the 
flask to its manometer limb for another check on the coincidence of the mercury meniscus 
and "index mark". This is obtained by repeating the above procedure. The mercury la then 
weighed and its volume determined at the tesqjerature of the bath. The main sources of 
error in this determination are: Air is often trapped below the ground -glass Joint. It 
can be removed by rocking the top of the respirometer from side to side. The temperature 
of the glass and mercury may change considerably while the vessel is being attached to the 
manometer unless this operation is carried out quickly. Avoid contact between flask and 
hands as much as possible. Finally, check the final oolnoldenoe of the mercury meniscus 
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and "index Bark" iy sutBerging the end of the Banometer limb with the attached flask filled 
with Bercury in the hath. 

iy adding the volume of the vessel to the corresponding Banometer limb volume, the 
total gas volume of one aide of the resplromoter is obtained. Determine the total gas 
volume of the other aide in the same manner. These two gas volumes should he eijual to 
within O.ljt. In most instances they will he unequal in volume. While it may help to 
switch the flasks, the quicker procedure is to pair flask and llmh of manometer so that 
the volume of the reaction-vessel side of the respirometer is the smaller. Glass heads 
can then be added to the compensation-vessel side to obtain the same gas volume. The 
requisite volume of glass beads can be measured out by adding heads to water in a partial- 
ly filled burette until the necessary volume is obtained. This "pairing" is unnecessary 
if it makes no difference which llmh of the manometer carries the reaction vessel. 


The gas volume of each side can now be obtained by subtracting the volume of the 
liquid (including that in the sldearms and center wall, and the volume of the tissue) 
which will be used in the flasks from the total gas volume. 

The density of the manometric liquid, e.g., iso-caproio acid, is determined at the 
temperature of the room by means of a pycnometer. Pq can then be defined in terms of mm. 
of manometric liquid. 


The absorption coefficient, a , of oxygen in the liquid must be obtained from a table 
of "g values" (see Chapter I), or determined by actual experiment. For most purposes the 
g for oxygen in water la sufficiently accurate, 'a' had best be determined or obtained 
from the literature for liquids other than water if the volume of liquid in the flask is 
more than 10 ml. It is possible to calculate the g of oxygen, carbon dioxide, and nitro- 
gen from the data of Geffken (190lt) for salt solutions. 


Having obtained the above data, the of the respirometer may be calculated with 
the use of equation (37). Tlie example below may be of help. 


Details of Calibration : (a) General considerations: Room and bath temperatures, 
25°C; Iso-oaprolc acid as manometer liquid; flasks of Warburg type with two sldearms; 
volume of liquid in each flask, h ,2 ml. (5-0 ml. of nutrient solution, 0.5 ml. 5^ glucose 
in each sldearm. 0.2 ml. •Xffi KOH in center well). The reaction vessel is to contain 
100 )il. (0.1 ml.) of algal cells suspended in 3,000 ;jl. of nutrient solution. 

(b) Determination of A. 


Average length of column in left side of manometer 
Average length of ^ column in right side of manometer 
Weight of mercury 


_ 6q6.4 

^ ■ 1o6.7 X 13.53 


= 0.k2 mm.^ 


105.8 mm. 
107.6 mm. 
606. k ng. 


(0) Determination of Vg and V'g: 


Wt. of Hg filling right flask and manometer limb 
Wt. of Hg filling left flask and manometer limb 


Then Vg 


231.3 X 1000 
15 -55 


- t,200 = lh,572;a. 


251.5 gms. 

261.6 gms. 


And V'g = 


261.6 X 1000 
13.55 


t,200 = l5,l3*^ ;ui. 


To reduce V'g to the same volume as Vg, 760 ;il. of glass beads are added to the 
left (compensation) vessel. 
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(d) Determination of Pg; 

Wt. of 5-00 ml. of lao-caprolo acid In a previously calibrated 

pycnometer = lt-,605 gns. 

Density of the acid = 0.921 

Pg = = 11,164 mm. 

(e) The absorption coefficient, a , of Og = O.OJO- 

(f) Calculation of 




, , . 0.42 X ll.l61t s 

' ^ n -^ ^\\ -x-Tz. ‘ 


2 X 14,373 


( 


14.S , ^^x2T3 ^4^200^0.030 


2 ^ 

11.164 


m] 


2 X 298 


and Xq_ = h{l.6l). 


Determining the constant by the Munzer and Neumann Method : This method (Miinzer and 
Neumann, 191?) requires a carefully calibrated 1 ml. pipette provided with a leveling bulb 
containing mercury, a calibration manometer of 5 mm. glass tubing filled with kerosene or 
light paraffin oil colored with a dye (Sudan IV la satisfactory), and a capillary glass 
manifold connecting the reaction-vessel side of the respirometer with the pipette and cali- 
bration manometer and bearing a stopcock at Its free end. The eet-up la Illustrated dla- 
grammatlcally In Fig. I9. 


As arranged for a calibration, the set-up Is 
much more compact than Indicated by this diagram. 

The pipette with Its leveling bulb, the manometer, 
and the manifold can be attached by means of spring 
clips to an inverted L-shaped metal rod which In turn 
Is attached to the respirometer support. Such an ar- 
rangement permits the apparatus to be placed on the 
shaker with the resplrometer vessels, the pipette, 
and the lower portion of the calibration manometer 
Immersed In a glass-fronted, constant temperature 
water bath. A suitable water bath may be Improvised 
from a large bell-jar. 

After having thoroughly cleaned and dried the 
vessels and manometer capillary of the resplrometer 
(see Chapter 5), pipette Into the resplrometer capil- 
lary sufficient manometer liquid to fill the mano- 
meter limbs to, or approximately to, their I5 cm. 
marks when the manometer Is In a vertical position. 

Attach the holder bearing the manifold, etc., to the 
resplrometer support. Adi sufficient mercuiy to the 
leveling bulb to allow for the displacement of the 
entire gas volume of the pipette. Add sufficient 
colored paraffin oil to the manometer to bring the 
level of the oil about 10 cm. below the opening into 
the manifold. Pipette Into the resplrometer vessels 
the correct volume of the liquid or liquids (include 
that In the sldearms, but substitute water for the 
KOH In the center well) which Is to be used in deter- 
mining the gas exchange of cells or tissue. Clean 
and replace the grease In the stopcocks of the mano- 
meter and manifold. Attach the apparatus to the 
shaker with the vessels, etc., submerged In the constant tomperatiire water bath. Do not 
attach the manifold to the resplrometer, or close any of the stopcocks. Allow 10-15 
minutes for temperature equilibrium. The manifold Is now connected to the reaction-vessel 



Apparatus for Calibration by tha 
Hanzar-Nausann Msthod. A, eanlfoid; 
B, eanlfoid stopcock; C, calibration 
nanoeatar; D, I el. pipatta; E, 
lavsitng bulb; I, rsaetfon vassal; 

L, conpanaatlon vassal. 
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side of the respirometer. After cloalng the stopcock of the manifold, alternately raise 
and lower the mercury in the pipette to mix the air in the apparatus. Repeat this opera- 
tion several times over a period of 10-15 minutes. It is not necessary to shake the ap- 
paratus while this equlllhratlon la being carried out. 

The manifold stopcock is now opened, and the manometer and calibration manometer are 
checked for 'zero' reading. The following data are recorded: P {in mm. Hg at T'’C.), room 
temperature, bath temperature, pipette reading and the height of the liquid in the right 
and left sides of the reapirometer capillary. The manifold stopcock and -the atopcoqk of 
the compensation-vessel side of the respirometer are now closed. Some 60-IOO pi. of gas 
is. withdrawn from the respirometer by lowering the mercury in the pipette. The stopcock 
of the reaction-vessel aide of the respirometer is now closed, and the calibration mano- 
meter la again brought to 'zero' by raising the mercury in the pipette. At this point, it 
is beat to allow the apparatus to stand for a few minutes to allow for restoration of equi- 
librium between the gases in the gas spaces and liquids in the vessels of the respirometer. 
After checking the 'zero' of the calibration manometer, record the height of the liquid in 
the right and left sides of the respirometer manometer and the pipette reading. The stop- 
cock of the reaction-vessel side of the reapirometer la now opened, and the mercury in the 
pipette adjusted to its original level. The reapirometer and calibration manometer should 
be restored to their 'zero' levels. If they are not, a leak, a change in temperature, or 
a change in barometric pressure during the calibration is indicated. 


The above procedure is carried out several times, and the ratio of the volume of gas 
removed (or added) to h is calculated. Usually these agree to within 1 $. The average 
ratio obtained is then substituted in the following equation in order to correct the value 
of the constant obtained under the conditions of calibration to C^C, and 760 mm., where 

the subscript 0 refers to the value obtaining xuider conditions of calibration. 

This equation expresses the relation between the pi. of gas (NTP) removed, or added, 
and the reading of the respirometer. 



It might be questioned if this type of calibration, with the vessels containing water 
and air, holds for experimental liquids and gas mixtures. ^ choosing an Of value for oxy- 
gen in water, it can be shown that the value of Vf a In those cases where Vf is of the 
order of 5OOO-5OOO pi. is practically negligible in calculating kQp by use of the simpli- 
fied equation. The g O2 for experimental liquids will not be greater, hence their presence 
in the vessels will not alter the value of K^. Then the results of the calibration can be 
applied directly to the determination of oxygen. The above statements, however, do not 
apply to the very soluble COg gas. In this case the calibration had best be made using 
the simplified equation. 


As described above in the presentation of the theory, does not vary with the tem- 
perature. On the other hand, if the Vf g term in the simplified equation is omitted the 
constant becomes exactly proportional to i/t. Then, to use the respirometer at an experi- 
mental temperature, Tg^p_, which differs from Tq, a correction must be applied. Thus, 


^exp. 



Under experimental conditions, changes in barometric pressure and in the vapor pressure 
of water usually occur. Then, since Kq is inversely proportional to gas pressure. 


^exp. ~ 


Tq I*c ~ Pc 

^exp. ^exp. ‘ J’exp. 
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and correcting to give ;il. of dry gae at IfTP 

I’c ■ Pe 


and 


Kexp. = ^^0 

^xp. = ^ 


To /275 / To ■ Pe \ l^exp. ~ P 0 xp.\ 

'exp. I \ '^cj \^exp.“ Pexp./ \ ^° / 


273 

Texp. 


P, 


Kc 


273 


exp 


?■] 

:|N 


(28) 


which la the complete equation to be used with the Munxer and Neumann method of calibra- 
tion. 


Details of a calibration {and a test of the constancy of Kg) : 

(a) Determination of IQ;: room tei!®erature , 25®C. ; manometer liquid, laocaprolc 
acid; large size (ca. 60 ml.) Barcroft type flasks; 36 ml. water in each 
flask; P, 759-0 Hg, 25°C., brass scale barometer. 


T 

OC. 

MU. 

Xc 

Kc 

10 

28.8 

81 

2.72 

15 

45.2 

122 

2.70 

20 

68.3 

186 

2.71 

25 

34.8 

95 

2.73 


These data are averages of 3 -^ determinations made at each temperature. 

(b) Calculation of xop- room temperature, 25°C.; bath temperature, 25°C. ; 

P, 735-5 mm. Hg (corrected). 

K- - o 7X / 225 \ Il33rj3^\ 

Kog - 2.75 | 298j^ 7S0 j 

«02 = 

X02 = h(2.54) 

Calibration of the Warburg respl rometer by the Miinzer and Neumann method : The appa- 
ratus, etc., required and the procedure are essentially the same as those used In cali- 
brating the Barcroft differential respirometer. 

In calibrating the Warburg resplrometer by this method, the pipette, manometer and 
manifold are mounted on the vessel-side of the resplrometer support. The manifold la at- 
tached to the vertical capillary on the vessel-side of the resplrometer which Is equipped 
with Its empty vessel aid the requisite amount of Brodie manometer fluid. After allowing 
sufficient time for the gas (air) in the vessel and pipette to reach temperature equi- 
librium in the constant temperature bath, both manometers are leveled (the resplrometer 
manometer at 250 mm. ) , the two stopcocks are closed ( the three-way stopcock of the resplro- 
meter is turned so that the gas space of the respirometer comnnini cates with that of the 
manifold), and some 5O-IOO ;rl. of gas are withdrawn from the respirometer by lowering the 
mercury in the pipette. The resplrometer stopcock is now turned to disconnect the gas 
space of the respirometer from that of the manifold but not to connect either gas space 
to the atmosphere. After returning the Brodie' s solution to its former level In the 
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closed side of the manometer, the difference in height of the fluid in the open side of 
the manometer, i.e., h, is recorded. The manifold manometer is nov lereled, and the 
amount of gas removed from the reaplrometer as measured hy the pipette recorded. The tem- 
perature of the hath and the harometrlc pressure of the atmosphere are also recorded. 

The above procedure is carried out several times until the operator is assured hy the 
constancy of the ratio of the volume of gas removed to h, which should agree to within 1^, 
of the accuracy of the determinations of these two sets of values. 

The total gas volume, V, of the Warhurg respirometer at the ten^erature of calihra- 
tlon may now be calculated by substituting any of the acceptable corresponding values of 
"volume-of- gas- removed" and h in the following equation; 

Yol. gas removed x P , . 


where P is atmospheric pressure (corrected) in ram. of manometer fluid. 

The KQg and KgQg of the respirometer may now be obtained through the use of the equa- 
tion given below under the heading of "Flask Constants". 

If desired, the Kq^ of Warbuig respl rometers may be obtained directly with the Munzer 
and Neumann method. In this case the vessel of the respirometer contains the same volume 
of the liquid which will be used in experiments. Including any which will be used in the 
sideam, but water is substituted for the KOH in the center well. Proceed to determine 
several sets of values of "volume-of-gas-removed" and the corresponding h's. The average 
value of the ratio of the two, where Individual values agree to within l)t, is substituted 
in equation (27) to obtain Kq^. This constant of course applies only when the experimental 
temperature is the same as the temperature of calibration. It may be corrected for use at 
other experimental temperatures by means of equation ( 28 ). 

J. F. Stauffer 


FLASK CONSTANTS 


As derived in Chapter 1, the relation between the difference in reading observed on 
the Warburg manometer (h) and the gas change within the system (x) is: 


X = h 


V 221 

''g T 


+ YfO 


1= hk where k = 


V 31 

’g T 


Vfa 


Since for any given experimental condition, the gas volume of the flask (Vg) the fluid 
volume of the flask (Vf), the temperature (T), the solubility of the gas in the fluid (a), 
and the pressure (in mm. of manometer fluid) of 1 atmosphere (Pq) are all constant, the 
value "k" (the "flask constant") la constant for any given set of experimental conditions 
and varies only as the experimental conditions vary. 


FACTORS FOR DIFFERENT VOLUMES OF FLUID IN THE WARBURG FLASKS 

One can, of course, calculate the constant to be employed for any set of experimental 
conditions from the equation above. However, there Is a simple relationship between the 
constant at one set of conditions and the constant at the same conditions except for the 
presence of one more ml. fluid in the flask. We will define this change in constant as 
Aral. 
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A ml. = k' - k = 


1000) ^ 
T 


(Vf + 1000) 


V 

6 T 


+ a V’j 


(k' = flask with 1 ml. more fluid In it) 
(k = original flask) 


Ami. = 


-1000 


£73 

T 


+ 1000 a 


ThuSj Ami. la Independent of Vg or Vf (i.e., factors governed "by the size of the flask 
or the amount of fluid In it) and dependent only upon a and T. For any temperature the 
Ami. Is calculated easily. 


Temperature 

... 

Ami. Og* 

Ami. CO2* 

20 

-0.090 

-0.005 

28 

-0.088 

-0.020 

55 

-0.087 

-0.026 

37 

-0.086 

-0.051 

1^5 

-0.081^ 

-0.057 


*For each additional ml. of fluid in the flask the 
factor changes by this amount. 


For example, a flask has a kg^ (57®C.) of I.69 when it contains J ml. of fluid. If this 
flask were to contain 1+ ml. of fluid its factor would be: kg^ = I.69 - O.O86 = I.60. 

If it were to be run with 1.5 ml. of fluid its factor would be: kg^ = I.69 *■ (1.5 x O.O86) 

= 1.69 + 0.13 = 1.82. 


CALCULATIONS OF FACTOBS FROM 

Betumlng to the original equation for calculating the flask constant: 

f m 
's T 


^ + a Vf 


it will be noted that if there is no fluid in the flask its constant (here labeled kg) is: 

V m 

k ^ T 
® " Pn 


This constant is independent of the gas involved and depends only on the volume of the 
flask and the temperature. Further, the term 273 is a constant (c) dependent only on the 

T 

Po 

temperature. This constant (for Brodle's solution in the msinometer, l.e., Pg = 10,000) 
has been recorded in the following table: 
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Temperature 

°C. 

c 

20 

0.0932 

25 

0.0916 

28 

0.0907 

30 

0.0901 

37 

0.0881 


Therefore, one may calculate readily any flaek constant for any condition ae follows: 

k a kg + (AbI.) (ml. fluid) 

= (7g) (c) + (Ami.) (ml. fluid) 

Thus at 37°C., flaak volume 13.5 ml.: 

kg = 15.5 X 0.0881 = 1.19 

kgg [3 ml. fluid] = 1.19 + (-0.086 X 5) = 1-19 - 0.26 = 0.95 

kgg [2 ml. fluid] = 1.19 t (-0.086 X 2) = I.I9 - 0.17 = 1.02 

kjog [3 ni- fluid] = I.I9 + (-0.031 x 3) = I.I9 - 0.09 = 1.10 

The MacLeod and Summerson (19*t'0) graphical method of determining flask constants is 

based on the same principles as govern the calculations from kg and Ami. If the kg 
(0 ml.) and the k for any other volume (o.g., 3 ml.) are calculated and these constants are 
connected by a straight line on a graph with ml. fluid as the abscissa and flask constant 
as ordinate, the constant for ahy llciuld volume can be taken from the line. The lines for 
a given temperature have the same slope, but a different intercept for each flask. With a 
series of lines for a given flaak, at 10° temperature intervals, flask constants at any 
liq.\iid volume and temperature can be obtained by inspection. 

It should be noted also that the difference between the kQ^ and kQQg ( or the con- 
stants for any other gases) is a constant under the same experimental conditions. In the 
eq,uation: 

k = Vg ^ + a Vf 

Po 

the nature of the gas Influences only the factor a. Thus, at 37°C. and with 3 ml. of 
fluid in the flaek the term g Yf for Og is: 

10,000 


and for CO2 is: 


0.024 X 3.000 

• 10,000 


= 0.0072 


0.57 X 3.000 

10,000 


= 0.171 


and the difference is: O.17I - 0.007 » 0.164 
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The kcop for any flask with 3 nil- of liquid at 37°C. is O.16I higher than the kog for the 
flask. “^If the kog values are known for a set of flaaks the kQQ^ values for the same con- 
ditions can be calculated merely by adding a constant. 


f. f. Umbreit 


NOMOGRAPHS FOR tARBUBG FLASK CONSTANTS 

Mxon (19*^5) has published nomographs for the calculation of flask constants for both 
the constant volume and differential reaplrometere. The use of either a nomograph or the 
rapid calculation from ke and ml. greatly simplify calculations. The nomograph (Fig. 20), 
for the Warburg constant volume respirometer, given here covers the usual flask volumes 
encountered. 

To use the nomograph (Fig. 20) to calculate the kQ^ for a flask, connect the volume 
of the fluid In ml. (scale A) with the temperature in °C. (scale B) and read the product 
where the straightedge Intersects scale D. Then connect the gas volume in ml. (scale j) 
with temperature in °C. ( scale I) and read the product at the point that the straightedge 
intersects scale fl. Add these two products longhand or add them by connecting the products 
on scales D and H with a straightedge and reading the sum on scale G. 

To calculate kgQg connect the volume of fluid in ml. (scale A) with the temperature 
( scale C) and read the product at the point the etralghtedge intersects scale E. Connect 
scales J and I and read on H as for determining kog. Add the products longhand or connect 
the product on scale E with the product on scale H and read the sum on scale F. 

R. H, Burrit 


CONSTANTS USED IN THE CALIBRATION OF FLASKS 
TtBLE XV 


Temperature 

Density* 
of ^ 

Water 

a Og 

a COg 

imH' 

a CO 

a Kg 

20 

13.5'+62 

0.9982 

0.0510 

0.878 

0.0182 

0.0232 

0.0151 

25 

13.53^+0 

0.9971 

0.0335 

0.759 

0.0175 

O.021I 

0.01I3 

50 

13.5217 

0.9957 

0.0261 

0.665 

0.0170 

0.0200 

0.015I 

35 

13.5095 

O.99II 

0.0211 

0.592 

0.0167 

0.0188 

0.0126 

37 

13.5016 

O.995I 

■0.0239 

0.567 

0.0166 

O.OI8I 

0.0123 

ho 

13.1973 

0.9922 

0.0251 

0.^50 

0.0161 

0.0177 

0,0118 


■"■Density = grams/ml. 


TABLE XYI 


Temp. 

C* 

kk 

Id.** 

O2 

cop 

20 

0.0932 

-0.090 

-0.005 

25 

0,0916 

-0,089 

-0,016 

30 

0.0901 

-0.087 

-0.023 

35 

0,0886 

-0.086 

-0,029 

37 

0.0881 

-0.086 

-0,051 

lo 

0.0872 

-0.085 

-0.031 


*kg = Vg o see page 58. **Bee page 58. 

***The same values may be used for 
Hg, Hg. 


f. If. Umbreit 
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DESIGN OF WARBURG FLASKS 

Two shapes of flasks are in conmon use. These are illustrated in Fig. 21. Flasks of 
type A (with angle edges) tip less easily when detached from the manometer and are suitable 
for use on manometrlc instruments which employ a reciprocating notion whereby the flask la 

moved to and fro in the same plane. When used on the 
type of instrument in which the pivot of the manometer la 
at the bottom and the flask is rocked back and forth, 
tissue tends to collect at the edge of the flask. Type B 
(with rounded edges) may be used equally well with either 
type of shaking device, but, because the bottom is not 
flat, it tends to tip more easily. Type A is also pre- 
ferred for Irradiation work. 


An additional modification has been suggested by 
Dr. Cohan. If the center well is slightly constricted at 
the top (as shown in "B", Fig. 21), splashing or "creep- 
ing" of alkali into the main compartment is largely pre- 
vented. 

When there is a very limited supply of the enzyme under study, it la frequently de- 
sirable to employ unusually small reaction vessels. The most frequently used vessels have 
a volume of about 15 ml., but flasks of 7 to 8 ml. volume also are available commercially. 

A reaction in these vessels with half the usual amount of materials will cause a shift in 
the manometrlc fluid equivalent to that observed with the usual flasks and the usual amount 
of reactants; the precision of measurement in the two cases will be essentially the same. 

A flask (Fig. 22) with a standard taper aldearm opening has been well adapted to some 
of our work with 1^5 (Burris, et al., 19*i5)> The flasks have been used on a stationary 
manifold which does not allow tipping of 
the flasks. However, when sldearm B is 
Inserted directly into the outer Joint 
on the flask, its contents can be added 
directly to the main chamber of the 
flask by rotating the sldearm (rotating 
sldearms have been used for many years 
on Dlxon-Keilin flasks). If it is 
necessary to mix materials in a sldearm, 
sldearm A is inserted into the flask and 
aldearm B la inserted into A; rotation 
of B adds material to A. A standard 
taper plug is Inserted into the main 
flask sldearm outlet when no sldearm is 
required. For work under aseptic condi- 
tions a cotton plug la placed below the 
top ground Joint and la retained by the 
indents at the base of the bulged sec- 
tion. 

In the isolation of intermediates 
of a reaction it is often helpful to in- 
crease the amount of the reactants and 
to carry on the reaction and measurements in flasks of approximately 125 ml. volume. 

Flasks veiy similar to the small Siamese sldearm flasks (Fig. 50) are useful; they are 
modified so that (1) altho\igh the primary sac of the double sldearm la an Integral part 
of the flask, the. secondary sac can be rotated (as sac B, Fig. 22), and (2) the neck of 
the flask can be plugged with cotton (as in Fig. 22). It is impossible to rinse the sub- 
strate from the simple sldearm of the usual SlamBso type flask without mixing the contents 
of the Siamese sldearm, but with the modified flask the rotating sac on the Siamese side- 
arm can be turned back and forth so that such rinsing of the simple sldearm can be accom- 
plished without mixing in the Siamese sldearm. When a cotton plug is inserted the flask 
can be sterilized and kept aseptic during a run. The sldearm openings are plugged with 



Flisk with rotating aldearai. 


1 B 



FIB. 21' 

Different shapea of Warburg 
flaaka. 
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cotton during the sterilization; when a run la set up the cotton plugs are discarded and 
replaced hy the sterile glass plugs which are lubricated with sterile grease. When the 
secondary sac of the Siamese aidearm Is not required the opening Is closed 
with a standard taper plug. 

The use of aseptic technique may be dictated by the desire to keep con- 
taminants from the system or to prevent the spread of pathogens. If stand- 
ard flasks only are available, an adapter (suggested by J. B. Wilson) Is 
useful for work with pathogens. This adapter (Fig. 23 ) consists of an outer 
Joint to fit the manometer, an Inner Joint to fit the flask, and an Inter- 
vening space carrying a cotton plug. The adapter, the sidearm plugs, and 
the cotton plugged flask are sterilized separately, the flask is filled us- 
ing normal bacteriological precautions, the cotton plug from the flask is 
discarded, and the cotton plugged adapter lubricated with sterile grease Is 
connected to the flask and manometer. The sterile sidearm plugs are lubri- 
cated with sterile grease before Inserting them. After the run the flask 
and adapter are removed and sterilized (by autoclaving or preferably by im- 
mersion In a disinfectant) as a unit before opening. 

it. H. Bvrrit and W. W. Vabreit 
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Chapter VII 

THE DIFFERENTIAL MANOMETER WITH SPECIAL 
REFERENCE TO ITS USE IN STUDIES OF PHOTOSYNTHESIS 


The differentieil reaplrometer was introduced by Barcroft (I908), and it is often 
called the "Barcroft reaplrometer", or "Barcroft manometer". The term respirometer is 
somewhat misleading however, since this type of apparatus has been used in a number of 

laboratories for measuring the yate of photosynthesis. It will suf- 



F1& 24 


fice to point out that any type of apparatus designed to measure the 
uptake of a gas in terms of the change in the reading of a manometer 
can serve equally well to measure the evolution of the gas. Of 
course, in either case all conditions affecting the gas exchange must 
be taken into consideration. 

The differential reaplrometer is shown in Fig. It is essen- 

tially a closed system formed of two flasks connected by a manometer. 
In practice the volumes of liqu4.d and gas on both sides of the mano- 
meter are the same. One flask contains the cells or tissue and la 
called the reaction vessel (on the right, R). The other flask (on 
the left, L), free from cells or tissue, is called the compensation 
vessel, l.e., it serves to compensate for changes in temperature and 
barometric pressure during the course of an experiment. It is readi- 
ly understood that a change in temperature will have the same effect 
(on the volume and pressure, and on the solubility of the gas being 
measured) in each flask and thus will produce no change in the height 
of the manometer llq\ild. Also, the use of the compensation vessel to 
form a closed system makes the manometer readings Independent of any 
changes in barometric pressure which may occur during an experiment. 
Therefore, a thermobarometer is unnecessary. 

CONSTRUCTION AND MOUNTING 

The respirometer is constructed entirely of pyrex glass, prefer- 
ably with standard interchangeable ground glass Joints for the stop- 
cocks and for the connection between each flask and limb of the mano- 
meter. The manometer, including the stopcock connections and the 
limbs carrying the flasks, is of thick-walled capillary tubing of 
uniform bore. The upright portion of the manometer la about 4$ cm. 
in length. Each side is graduated at the same level in millimeters, 
with numbered centimeter graduations, over a 50 cm. portion. The two 
symmetrical halves of the respirometer are constructed as nearly 


The differential alike as possible in respect to the internal diameter of the capil- 
■anoaeter. lary tubes and gas volume. There is no restriction on the design of 

the flasks provided the gas exchange of the cells or tissue is not 


hindered. Many laboratories use the 


standard Warburg flasks with sldearms 
and center well. For photosynthesis 
measurements, flasks similar to that 
represented in Fig. 25 are used. 
Generally, the flasks do not have a 
volume of more than 40 ml. 


Fleek for use In photosynthesis 
■ easu resents. The ptddia attsched 
to the vent plug facilitates stir- 
ring (Eeerson and Lewis, 1941). 



The respirometer is mounted on 
an Inverted L-shaped wood or metal 

support which in turn la attached to a suitable shaking device. As mounted, the graduated 
portions of the manometer tubes are vortical. The flasks are slde-ly-side and submerged 
at least 2 cm, beyond their necks in a constant temperature bath. 

Three types of shaking devices are in use at present: (l) the older method of rock- 
ing the vessels from side to side; (2) the more recent method of short slde-to-side swings 
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(Dixon, 19ll-3); (3) a special type of shaking device whereby the flasks are rotated a few 
millimeters off-center (Warburg and Negeleln, 1922). The second type of shaking device is 
common in all respiration laboratories; the third type is in use in photosynthesis labora- 
tories, especially where the tissue or cell suspension must be Irradiated, and the quantity 
of radiant energy absorbed determined. Regardless of the type, all of these shaking de- 
vices are constructed to allow considerable variation in rate of shaking and in the ampli- 
tude of the swing, or rotation, of the flasks. 


THEORY 


The theory of the apparatus has been described and elaborated on a number of times 
since the original account by Bancroft (1908). The moat complete description of the theory 
for use in measurements of photosynthesis and respiration is given by Warburg and Negeleln 
(1922). Dixon (1943) has also published a very complete description together with several 
extensions and modifications. The following account is based on those of Dixon and Warburg 
and Negeleln. 


Let: 


E 

L 

'Tg 

Yf 

V’f 


A 

h 


Po 

P 

A P 
AP' 
P 
To 
T 
a 


Reaction vessel. ■ ■ 

Compensation vessel. 

jil. of gas in the reaction-vessel side of the manometer, 
jil. of gas in the compensation-vessel side of the manometer. 

)il, of liquid in the reaction vessel (including the tissue). 

;il. of liquid in the compensation vessel. 

Cross-sectional area of the manometer capillary, in mm^. 

Manometer reading in mm. (the difference in height of the manometer 
liquid in the limbs of the manometer) . 

Normal pressure (760 mm. Hg), in mm. manometer liquid. 

Atmospheric pressure (corrected), in mm. of manometer liquid. 

Increase in pressure of the confined gas in the reaction vessel. 
Increase in pressure of the confined gas in the compensation vessel. 
Pressure of water vapor in the gas spaces, in ram. manometer liquid. 
275° Absolute. 

Temperature of the gas and liquid i'n the vessels in absolute degrees. 
Solubility coefficient of the gas produced or absorbed ()il. per ;il. of 
liquid) . 


Suppose the apparatus contains the same volumes of gas and water on both sides of the mano- 
meter, and that the manometer liquid is at the same height in the two limbs of the mano- 
meter. The amount of gas (at 0°C., 273° Abs., and 76O mm. Sg; or NTP) in each gas space 
is: 


For K = Vg 


m T - P 
T Po 


For L 



Lj_e 

Po 


(30, 3P') 


If X amount of a gas is evolved in R, the manometer reading will be h. The increase In 
volume of the gas space in E is then ^ A; the decrease in volume of the gas space in L l£ 

also 2 A. But h does not indicate the true value of AP of the gas in H because of the 
compensatory effect of the rise of pressure in L. In other words, both pressure and vol- 
ume increase in E while the pressure increases and the volume decreases in L. Taking these 
changes into consideration, the final volumes of the gas spaces will be: 


for E 


(Vg 


I A) e 


for L , (V. - ^ A] ( 


P r AP' 


(51, 51') 


Since the pressure has increased in each vessel, the increase in the amount of gas dis- 
solved in the liquid must be taken into account. It Is: 


for E = Vf a 


AP 

Pq 


for L = 


V'f 


a 


AP' 

Po 


(52, 52') 
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Summarizing; The amount of gas, x, produced in E is equal to the eum of the final volume 
of the gas apace and the increase in the amount of the gas dissolved in the water less the 
original volume of the gas apace; or. 


X 


and X 


and X 


(V, . 6 A) ’’ ’ f’’ ' • (v,(> - (v, ^ 5^) 




8 T P, 

AP 




^ ^ A ^ AP * ^ 


2 T 


(33) 


On the other hand, no gas was produced in l; hut the changes in volume and pressure must 
he accounted for in arriving at a value for P in order to solve equation (33) • 


Thus, 


= (v'g - 1 A) 1 

'275 P + AP’ 

. p1 

. 'I' 

Po 

J 

_ y. 2n^ 

. h , 221L 

r AP' 

" ® T Po 

2 

T 

Po 


V f 


or, 0 = AP' 


m ■«' » f 


g — - ' fS_ A2n ^ ^ 


Po 


2 T 


and AP' = h 


I ^ (P + AP' - p) 

rg^^v'fa J 


(3*^) 


As the pressure was originally the same on hoth sides of the manometer and as the pressure 
has increased hyAP andAP' in B and L respectively, the difference in pressure as mea- 
sured on the manometer is, 

h = AP - AP' 

Or,*AP = h AP' (55) 

Suhstltutlng AP' of equation (5^) in equation (35), 

(P r AP' - p) 

P = hrh 5 A 


or, P = h 1 ♦ 


And substituting this value of^P in equation (53) results in the complete expression for 
the differential Vespirometer: 


(P AP' - p) 
V'g ^ V'f a 


(P -t- AP' - p) 


T'g^ * v’f a 


*Thi8 equation is for reaplrometera with vertical manometers. If the manometer is tilted, 
then A P = h cos 6 +AP' where 0 Is the angle of tilt. 
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(P + AP' - 

P) 


Vg^^Vpa ^g^^(P-p)^.h 

X = h 


a 


pQ ' 2 T pQ 

_ 


For the usual type of differential reepirometer Vg (and VV) is about 50,000 pi., Vf (and 
V'f) is about 3,000 pi., and A is always less than 0.5 minS AP (and AP') will probably 
never differ from h by more than 50^6; the maximum value of h is 300 mm; P will rarely be 
less than 95^ of Fo! T will rarely be greater than 37.5°C.; p will be leas than 5?!' of P; 
also, Vf a (and V'f a) la not more than 5^^ of the value of Vg (and Vg), even for the very 
soluble CO2 gas. 

If it is assumed that these various quantities have their maximum values as stated 
above, by substituting in equation (36) it is found that, 

X = h (1 t 0.07) (2.9 i 0.13) 

This shows that the second term is about l/l4 of the first and the fourth term is about 
1/20 of the third. Such a trial calculation proves that it is permissible to substitute 
P for (P + AP' - p), to omit V'p a in the second term, and to omit the last half of the 
fourth term of equation (36) without introducing an error of more than l^t. Thus, we ob- 
tain the simplified equation . 


X 


= h 


(1 + 


A Pq ' 

2 Vg 


Vg 

(— 


T 


Vf a 


Po 


A 273) 


(37) 


where the product of the terms within the brackets is the "constant" of the resplromieter. 
To obtain the volume, x, of the gas evolved at HTP it is necessary only to multiply the 
value of the constant by the manometer reading, h. 

Dixon (1943) has pointed out that a description of the theory, such as that given 
above, which assumes that the whole apparatus is at the temperature T actually reduces the 
error of the constant as determined by equation (57): furthermore, the use of p at T in- 
stead of at room temperature (as should be the case) Introduces an error of leas than 0.5^ 
in the constant. It was also assumed that the gas spaces were filled with the same kind 
of gas as that evolved. It might be supposed that the pressure of a^second gas would af- 
fect the constant due to the fact that with the Increase in volume, g A, the partial pres- 
sure of the second gas would be reduced and some of the gas would pass from the liquid in- 
to the gas apace. However, the reduction in partial pressure of a contained gas due to 
the increase in volume la very small. Even for a relatively high concentration of a very 
soluble gas, l.e., 10)( CO2, the error introduced is less than 0.1^; the presence of Bfffi 
N2 has even leas effect. 

Details and examples of calibration of the Barcroft differential reapirometer by cal- 
culation, using the simplified equation (equation 57), and by adding or removing knom 
volumes of gas (Munzer and Neumann method) are presented in Chapter 6 (pages 52 to 56). 


APPLICATIONS OF THE DIFFERENTIAL RESPIROMETER 

HESPIRATION 

The differential resplrometer may be used in the same manner as the Warburg resplro- 
meter in determining oxygen uptake by the "direct method", l.e., alkali in the center 
wells, with or without liquid in the sidearma, of the flasks; BhJo ia obtained by calcula- 
tion using the simplified equation, or the Munzer and Neumann method. 

The differential reapirometer may also be used to determine respiration by the "in- 
direct method" of Warburg (see Chapter 4). Two reaplrometera are required. Unequal vol- 
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uaiea of liquid and unequal volumes of gas, unequal volumes of liquid and equal volumes of 
gas, or equal volumes of liquid unequal volumes of gas may te used in the reaction vessels 
of the two reaplrometers. Kog and Kcog omy be obtained as described above, and XQg and 
xQOg obtained by use of the equations developed for use with the indirect method. 

In general, the differential reeplrometer can be used In any situation to which the 
Warburg reaplrometer is applicable; It can be used in those oases where it is desirable to 
Increase the pressure of the gas In the reaction vessel above the pressure of the atmos- 
phere. 

The differential manometer has frequently been used in the past in attempts to mea- 
sure the "differential effect" of some treatment. For example, tissue would be added to 
both flasks, but glucose to only one. The use of the differential manometer in this man- 
ner is not desirable. Frequently it robs the investigator of Just that data which may be 
of vital importance, l.e., what does the tissue do without treatment? 


FERMENTATION 

The differential respirometer is used without alkali in the center wells (if the 
flasks possess these) and with or without liquids in the sldearms of the flasks. EcOg 
obtained by using the almpllfled equation (l.e.. Number 57). 

PHOTOSYNTHESIS 

The discussion in this section is based on a consideration of photosynthesis as: 
carbon dioxide uptake and oxygen production by green cells in light. 

In measuring photosynthesis the experiment usually involves three separate determina- 
tions of gas exchange: (1) a determination of respiration during a dark period, (2) a de- 
termination of gas exchange during the period the cells are illuminated, (J) a determina- 
tion of respiration following the light period. These determinations are carried out in 
the order given. It is readily understood that the gas exchange between the cell and its 
environment during the illumination period results from both photosynthesis and respira- 
tion, l.e., the observed rate of photosynthesis is less than the true rate because of the 
evolution of carbon dioxide and the uptake of oxygen by respiration which continues during 
the time the cells are illuminated. There is no way of determining respiration alone for 
illuminated green cells under experimental conditions where carbon dioxide is present, and 
it la known that the metabolism of Chlorella cells is not the same in the absence and in 
the presence of carbon dioxide (Emerson, Stauffer and Umbreit, 19^**). Hence, respiration 
is measured immediately before and after the Illumination period and the average value of 
these two determinations added to the observed rate of photosynthesis to give the true 
rate of photosynthesis. 

As a matter of fact, in experiments seeking to establish the relationship between 
light absorbed and oxygen produced (COg aselmllated) the suspension of green cells is 
oftentimes so dense that, even though all of the light is absorbed, what one actually 
measures is a decrease in the rate of respiration during the time the cells are illumi- 
nated (o.f. , Warburg and Negeleln, 1922). 

The following discussion will serve to distinguish two variations of the above de- 
scribed method of obtaining the true rate of photosynthesis. Both have proved satisfac- 
tory in determining the quantum efficiency of photosynthesis using the alga Chlorella . 

A. "steady state of gas exchange" method: The following diagram indicates the general 
relationships: 
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Conditions 

Dark 

Light 

Constant intensity 

Dark 


Respiration 

Photo. 8t Eesp. 

Respiration 

Time 

( minutes) 

> { 

1 1 1 1 

3 5 10 15 20 £ 

Mill 

1 1 r~n 1 

5 50 35 4o 45 50 5 
1 1 1 1 1 1 

1 r rn r 

5 60 65 70 75 80 

1 1 1 1 1 1 

Manometer 

readings 

taken. 

Equili- 

bration 

period 

t t t t t t 

Ep P & E E2 


The duration of the light and dark periods may he varied, although 30-60 minute periods 
appear to he aatlsfaotory. The Ep and Rg periods, which may differ In duration, are the 
same as or aome proportion of the P & E period. 

In this method, time Is allowed for attainment of epulllhrlum in the 'plant cell - 
suspending liquid - gas phase' ayetem before Ep, E2 and P & R are measured, i.e., these 
quantities are measured during the steady state. 

It Is apparent that the true rate of photosynthesis (as ^1. O2 produced per minute) 

1 s obtained as follows : 

& R j 

Photo. = Minutes p p * ^ I Minutes * Minutes p^ 

This calculation may be considerably simplified by substituting the h values obtained for 
the different periods In the following equation: 


^Photo. 


• 

1 

1 ^Ep 

, '"'’2 \ 

8c R 

2 

Minutes 

Minutes / 

Minutes p p 


(58) 


where the negative sign before the bracket allows for the correct substitution of either 
negative or positive values of hp p. 

Then: 


^gPhoto. " ^p^^Photo.) 


As an example: In a determination of photosynthesis in light of low intensity: 

^Ep(10 minutes) “ -*+-0 mm.; hp^jpQ mPnutes) ~ "S-S mm.; hp p( po minutes) = 

(i.e., during the illumination period the rate of respiration was greater than the rate of 
photosynthesis) . 


^Photo. 



(-o.h) 


(-0.58) 


(- 0 . 2 ) 


0.19 mm. 


In another case, where high light intensity was used: jipnutes) “ -2.0 mm.; 

^H2(10 minutes) “ ™' ’ *^P & E(10 minutes) “ *■ 


Photo. 


(- 0 . 2 ) (- 0 . 21 ) 


(-0.4) 


= 0.605 mm. 
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B. "Alternating llght-and-darl< periods" method: The following diagram indicates the 
general relatlonohips: 


Condition 

Dark 

Light 

Dark 

Light 

Dark 



Processes 

Pespiration 

P & R 

R 

P & E 

E 


Time 

( minutes) 


ri 

i 5 1 

iM 

■ 1 

0 15 £ 

LJ 

1 

D 25 ! 

1 

0 35 

1 

0 T5 

0 > 

Manometer 

readings 

taken 

Equili- 

bration 

period 

t t ft t t 

Fp (P&E)l R 2 (PS:R )2 R 5 — ^ 


As Indicated, the rate of respiration is measured during the second 5 minutes of each dark 
period. The first 5 minutes allows for the attainment of equllihrium conditions of gas 
exchange for respiration after a period of combined photosynthesis and respiration. On 
the other hand, while photosynthesis begins as soon as the plant cells receive light and 
ceases when the light is turned off, the la.st ve.stige3 of oxygen produced in photosynthe- 
sis requires one or two minutes to reach the gas space, and hence it would not be included 
in the measured oxygen if a manometer reading were taken the instant the light was turned 
off. The same reasoning holds when the rate of photosynthesis is less than the rate of 
respiration. Therefore, a manometer reading is taken at the end of the first 5 minutes of 
darkness. Manometer readings may be continued to be taken in this order for succeeding 
10 -mlnute light and dark periods for as long a time as is practical. 

The true rate of photosynthesis la calculated as follows: Since respiration has been 
measured for two 5-mlnute periods (immediately before and 5 minutes after the photoeynthe- 
als-respiratlon period), the average respiration for the two periods is taken to represent 
the respiration occurring during each 5-minute period of photosynthesis-respiration. Dur- 
ing the 15 -minute period of photosynthesis-respiration, photosynthesis occurred for 10 
minutes and respiration occurred for 15 minutes. Hence the true rate of photosynthesis 
for the 10 -mlnute light period is obtained as follows: 


minutes = 5 





The result can he obtained more quickly hy suhatltuting the h values obtained for the dif- 
ferent periods in the following equation. 


h 


lO-min# 


Photo. 



(59) 


where the negative sign before the bracket allows for the correct substitution of either 
negative or positive values of hpj^p. Aa an example: In a determination of photosynthesis 
in light of low intensity: = - 5-1 mm.; hp^ = - 5.1 mm.; hpj,jjg = - 10.1 mm. 

1^10-mln. Photo. = - [5 ( g - (-10-1)] = 5-2 mm. 


Prom the above discussion of the methods of measuring photosynthesis by means of the 
differential manometer, it is evident that in the reaction yeasel: (l) both carbon di- 
oxide and oxygen are present in the gas apace and are dissolved in the solution in which 
the plant cells are suspended; ( 2 ) during reepiratlon carbon dioxide la added to and oxy- 
gen is removed from the gas and liquid phases; (}) durii^g photosynthesis-respiration, if 
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the rate of photosyntheala excaeda the rate of reaplratlon, oxygen ie added to and carton 
dioxide removed from the gaa and liquid phaaea: If the rate of photoayntheais does not 

exceed the rate of respiration during the photoayntheaia-reaplration period the situation 
la the same as for ( 2 ) atove, the rate of exchange only la decreased. In other words, 
toth the oxygen and carton dioxide content of the gaa and liquid phaaea change. If, dur- 
ing respiration the CO2/O2 ratio is 1.0 the net difference In terms of total gaa in the 
reaction veaael la zero; the same la true when the photoayntheais ratio, O2/CO2 la 1.0. 
There would be no change In the manometer reading were It not for the fact that a for oxy- 
gen is much less than the a for carbon dioxide. When oxygen Is utilized In reapirEMtlon 
Vg decreases due to the greater solubility of the carbon dioxide produced In the liquid 
present. By the same reasoning, Vg increasea during photosynthesis. 

In extending the theory of the differential resplrometer to Include this situation; 

( 1 ) K of the gaa apace must be determined, since there la no way of determining what pro- 
portion of ita volume is occupied by oxygen and by carbon dioxide; (2) a meane must be 
found to determine Kq^, l.e., when we kiraw what effect the addition of i amount of carbon 
dioxide and the removal of the same quantity of oxygen (or the reverse of thia exchange) 
will have on h; (j) how a correction can be made when the photosynthesis ratio differs 
from 1 . 0 . It doea not matter what the respiratory ratio la If photosynthesis Is calculated 
on the basis of the h values for the different periods (see equations 38, 39 above) for 
what occurs In the reaction vessel la essentially a change In h due to photosynthesis, and 
this la the only change measured. 

(1) Determination of Kg^g space (Kgs): The K desired is the change In manometer read- 
ing, h, produced by adding x quantity of gas to the gas space when no gaa is absorbed by 
the liquid present. It is assumed that the volume of ’liquid occupying Vf (and V'f) is to 
be present during an experiment. 

The K^g may be determined by using a modification of the simplified equation. Vf a 
In the third term of the equation, which accounts for the quantity of the gaa Introduced 
that dissolves In the liquid, is- omitted and the equation used in this form: 





275 ^ 

r-r 


(>* 0 ) 


where the product of the terms within the brackets Is the "gas space constant" of the 
resplrometer. In reality this equation Is a variant of the equation derived by Barcroft 
(1908). The original equation la: 


^gs 





( 1 * 1 ) 


and was used by Warburg and Negelein ( 1922 ) in deriving the constant of their differential 
manometer. Equation (^0) has the advantage of allowing for different volumes of Vg and 
Vg. The substitution of experimental values Into equations ( 4 o) and (ll) will yield the 
same results (within 2jli) only if the cross-sectional area of the manometer capillary is 
less than 0.25 sq. mm. 

The constant of the gas space may also be obtained by the Munzer and Neumann method. 
The general procedure Is the same as that described in the section on calibration (p. 5 t), 
with the exception that a volume of glass beads equal to the volume of solution which will 
be used during an experiment is added to each vessel of the resplrometer and calcium chlor- 
ide drying tubes are attached to the end of the manifold and to the gas vents of the re- 
spirometer. The use of the calcium chloride drying tubes obviates any correction for the 
vapor pressure of the water vapor In the air of the room. It is not necessary that Vg and 
V'„ be adjusted to the same volume. However, the approximate volumes of the flasks can be 
determined by running In water from a burette, and the difference between Vg and Vg in 
microlitera of glass beads added to the larger flask, the compensation vessel. The con- 
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stant Is obtained from the h raluea observed when i volnnes of dry gas la added to or with- 
drawn from the reactlon-vesael aide of the reapirometer, 



If dry gas la not used, a correction for the vapor pressure of water should be applied. 

In such a case Pc in the above equation is decreased by an amount Pc, which is the vapor 
pressure of water in the atmosphere of the room in which the calibration is made. If the 
air la 50^ saturated with water vapor at 25 °C., this correction reduces JUg by approximate- 
ly 1.5^t. 

The complete equation for the Miinzer and Neumann method (Eq. aB) can be used to ob- 
tain this constant for experimental conditions different from those of calibration. 

(2) Determination of Kq^ when equal amounts of carbon dioxide and oxygen are ex- 
changed; The extension of the theory to determine Ko„ based on the difference in solubil- 
ities of carbon dioxide and oxygen in the liquids in Qie veasels has been described by 
Warburg and Negeleln (1922). It is as follows; 

Let: Pq = normal pre33iu"e in mm. of manometric fluid. 

Vf = pi. of liquid in reaction vessel (also in V). 

YQg = pi. of oxygen released or absorbed. 

Yqq 2 = pi. of carbon dioxide released or absorbed. 

h = manometer reading, in mm. 
a ©2 = absorption coeff. of oxygen at T. 
a CO 2 = absorption coeff. of carbon dioxide at T. 

V = change in volume of the gas apace in the reaction side of the respiro- 
meter. 

BV = pi. of oxygen added to or removed from the gas space. 

(B - 1)V = pi. of carbon dioxide added to or removed from the gas space. 

hV = change in the partial preeaure of oxygen when the volume of the gas 
space changes by an amount V. 

(h - l)V = change in the partial pressure of carbon dioxide when the volume of 
the gas space changes by an amount V. 


Then, 

V = BY - (B - 1 )V 


and 

h = Bh - (B -l)h 


Thus, 

>0, . 3 0,) 

(43) 


(B - i)h(Vf g C02) 


and 

Ycog = (B - 1 )V + ^ 

(44) 

Since 

YCOg = YO2 



on eliminating B and Ycog after combining equations and {kk) 


(y ^ hVf a C02 \ , hYf g 0g \ 



Po 
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In this equation, h represents the increase In pressure, AP, on the reaction side of the 
resplrometer. Actually h Is less than A P because of the compensatory effect of the In- 
crease in pressure on the compensation-vessel side. A correction may be applied by sub- 
stituting A P for h, where 


AP = h + P 




This correction reduces the value of Y 02 ^ about 1^. 
Since V is equal to hKgg, 

^i^C02\ /„ ^f302\ 


XOo = n 


I ^i^C02\ / ''fQ02\ 

( Kgs^— I ) 

7f(3C02 ■ ^ 2 ) 


(46) 


and is equal to the quantity represented by the bracketed terms in the above equation. 
( 5 ) Correcting when the photosynthetic ratio, O 2 /CO 2 , is not unity: 

YOn 

Let = Z 

^002 


then equation (45) takes this form. 


I VfaC02\ ^fgf>2 

VZ- 1 ) -z - -f- 


(47) 


The above equation is the complete equation to be used with the differential manometer in 
determining photosynthesis provided the photosynthesis ratio is known. It so happens, how- 
ever, that a determination of the photosynthesis ratio is not an easy matter. Many workers 
have either assumed it to be 1.0, or they have used the value obtained by Warburg and 
Negeleln (1922). As a matter of fact, Warburg and Uegelein did not determine this ratio 
under conditions strictly comparable to those which prevailed during their measurement of 
the quantum efficiency of photosynthesis. They used a glass vessel filled with a gas mix- 
ture and a suspension of algal cells, from which samples of gas were withdrawn from time 
to time and analyzed for oxygen and carbon dioxide. They obtained an average value of 
1.1 In three experiments. 

It Is theoretically possible, but practically Impossible to determine the photosyn- 
thesis ratio under ideal conditions using the differential resplrometer. It would be pos- 
sible to determine it by the Indirect method of Warburg (see Chapter h) , in which the re- 
action vessels of two respirometers would contain the same volume of cell suspension (and 
concentration of cells) but with unequal gas spaces; the cell suspensions being exposed to 
exactly the same temperature and light intensity at the same time. It is doubtful whether 
any laboratory possesses such a set-up. The nearest approach is to cariy out two succes- 
sive experiments using equi -volume samples of the same cell suspension in flasks of un- 
equal gas volume exposed at the same temperature to virtually identical quantities of 
light (c.f., Emerson and Lewis, 1941). As Indicated above, X 02 ^C 02 

tained by using the indirect method of Warburg, which can be applied directly to the dif- 
ferential resplrometer when KQg and known. 
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Because of the difficulty of obtaining the photosynthesis ratio (some Investigators 
observe a "burst of COp" when algal cells, for Instance, are Illuminated) and because It 
effects a simplification of the whole procedure of determining photosynthesis, many workers 
favor the use of carbonate-bicarbonate COg-buffer solutions. Without going Into the ques- 
tion of the effect of such solutions on the metabolism of the cell (Warburg, 0., I9I9; 
Manning, et al., 1938; Emerson and Lewis, 19h2; Pratt, 19^3)/ It Is readily understood that 
If the partial pressure of carbon dioxide In the gas space of the reaction vessel of the 
resplrometer Is maintained constant, the change In h is due solely to the oxygen added to 
or removed from the system by the plant cells. Thus, one need only determine the Kgg for 
the resplrometer containing the particular COg-buffer under the conditions of experimenta- 
tion. There are certain precautions, however, to be borne In mind. In particular: the 
carbonate-bicarbonate COg-buffers change as carbon dioxide is added to or removed from 
solution; this In turn changes the partial pressure of the carbon dioxide in the gas apace 
of the resplrometer vessel. Warburg (I919) has called attention to this fact, and has in- 
dicated the working range In terms of the quantity of carbon dioxide that can be removed 
from or added to the solution without introducing an error of more than l)t In the h values 
obtained, also pointed out that the higher the pH of a carbonate-bicarbonate solution 
the shorter the period of time the plant cells, l.e., Chlorella can remain In It without 
showing a decrease In photosynthetic capacity. Pratt (19^3) has considered this question 
of the physiological effect of sodium and potassium blcarbonatea on the rate of respira- 
tion and photosynthesis of Chlorella vulgaris . As a result of his study, he recommends a 
solution consisting of 0.055 M KHCOj and O.O65 M MalCOj. He found that In such a solution 
the accelerating and depressing actioia of potassium and sodium salts, respectively, were 
balanced and the initial rate of photosynthesis was maintained virtually unchanged for 
fifteen hours. 

Table XVII contains some of the pertinent data for various solutions of sodium oar- 
honate-bl carbonate COg-buffers. Solutions of this type were used by Warburg (I919) in 
determining the effect of carbon dioxide concentration on the rate of photosynthesis in 
Chlorella. 


TABLE XVII 

Carbonate-bicarbonate Mliturea 


Mixture 

No. 

Composition, mis. 

Na 

millimoles 

Liter 

C02 

Moles/ L 
25°C. 

pH* 

25° C. 

0.1 K 

NaHC05 

0.1 M 

— 

1 

85 

15 

185 

0.55 X 10*6 

10. h2 

2 

80 

20 

180 

1.0 " 

10.50 

3 

75 

25 

175 

1.7 

10.19 

h 

TO 

50 • 

170 

2.6 


5 

60 

ho 

160 

5.5 

9-93 

6 

50 

50 

150 

9.8 

9.79 

7 

35 

65 

155 

2.3 X 10-5 

9.51 

8 

25 

75 

125 

h .3 

9.52 

9 

15 

85 

• 115 

9.1 ” 

9.08 

10 

10 

90 

110 

15,0 

8.91 

11 

5 

95 

105 

33.0 

8.69 


*Houtlne determinations made with a glass electrode. 


The data In the above table are presented only to show the composition of some COg-huffers 
that have been used, and to point out the relatively high pH values of such solutions. In 
case one desires to use such buffers, it is imperative that their effect on the particular 
process under investigation be determined. It certainly appears that the recommendations 
of Pratt (19^5) should be considered. 
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Data of an Experiment : The differential resplrooeter was set up with 56 ml. of algal 
cell suspension In the reaction vessel (left) and 56 ml. of the nutrient solution without 
the algal cells in the compensation vessel. Before beginning the actual experiment, the 
vessels were flushed with 5 /t'C 02 -alr mixture for one hour in order to saturate the liquids 
with carbon dioxide at this partial pressure. The algal cells were irradiated with red 
light of low Intensity. The shakli^g of the flasks was stopped momentarily when a reading 
of the heights of the manometer liquid in the limbs of the manometer was made. 

The following data were taken; 


TABLE XVIII 

Data of a Typical ExperlKant in Photoayntheai a 


Period 

Time 

min. 

Environ- 

ment 


Manometer Readings , in 

mm. 

EiTE — 

Eight 

D 1 fference 

Increment 



0 

Light 

1I6.T 

116.9 

0.2 



5 

It 






10 







10 

Dark 






15 

II 

II7.5 

115.9 

- 1.6 


J^i 








15 

Dark 

II7.5 

115.9 

- 1.6 



20 

T| 

118. 0 

115.1 

- 2.6 

-I.O 

(PM)]_ 








20 

Light 

118.0 

115. 1 

- 2.6 



25 







50 







30 

Dark 






35 

ri 

II9.I 

lll.O 

-5.1 

- 2.8 

Eg 

35 

Dark 

II9.I 

111.0 

-5.1 



10 

" 

119.9 

115.1 

-6.5 

-l.I 

(P&E )2 








lo 

Light 

119-9 

115. 1 

-6.5 



45 

" 






50 

" 






50 

Dark 





% 

55 

If 

151.0 

112.0 

-9.0 

- 2-5 

55 


151.0 

II2.0 

-9.0 



60 


151.5 

111 . 6 

-9.9 

-0.9 

(P&E). 








60 

Light 

151.5 

111 . 6 

-9.9 



65 

It 






TO 

" 






70 

Dark 






75 


152.6 

ilo.l 

- 12.2 

- 2-5 

Eh 








75 

Dark 

152.6 


- 12.2 



80 


155.0 


-15.1 

-0.9 


The amount of photosynthesis during- the period, for instance, can be calculated by 

the use of equation (39) above. It Is: 

h - - 5 1 (-• ?) ^ {-- 9 )]. f-g M 

^10 min. Photo. " ^ I 2 ) ' 


= 0.5 mm. 
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This value multiplied tiy the constant of the manometer Is the quantity of oxygen liberated 
during the 10 minute exposure to light. As la often the case, and as represented abovej 
changes in light intensity from one P&F period to the next result in different values of 
photosynthesis for the different periods ((P&B)]^, (PStE )2 etc.). 

J. F. Stauffer 
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Chapter VIII 


SPECIAL METHODS EMPLOYING MANOMETMC AND 
ELECTROMETRIC TECHNIQUES 

In most of the methods listed below some sort of specialized apparatus other than 
that normally accompanying a respirometer is required. In general, the methods have been 
devised to meet specific needs not covered by the usual Instruments or" to enable a measure- 
ment which la difficult and time-consuming on the normal Instrument, to be done with more 
convenience. In some Instances the method is described in principle only and references 
to detailed descriptions are cited. 

THE "FIBST" METHOD OF DICKENS AND SIMER 


la this method oxygen uptake is first determined by absorbing the COp in alkali. At 
the end of the experimental period, acid is added to the tissue and to the alkali thus 

liberating all of the COp which can then be measured. A second manometer is used in which 

all of the CO 2 is so liberated at the start of the experimental period. Hence by this 

method one can. determine: 


(1) The oxygen uptake (and its rate) over the experimental period. 

( 2 ) The COp liberated over the entire experimental period. 



FIS. 26 

Flaaks for uae with tha 
”Firat” Method of DIckana and 
SIner. A-aidearti containing 
acid. B-trough encircling 
flaak containing barlui hydrox- 
ide. C-naIn coapartnent. 


Flasks of the type shown in Fig. 26 are recommended, 
but flasks such as the one shown in Fig. 30 also may be used. 
Acid is placed In aidearm (A) (O .3 - 0.3 ml. 5K HCl or 
HpSOk). Alkali is placed in the trough (B) ('usually 0.5 imL. 
cold saturated Ba(0H)2 or m/ 5 to m/ 10 solutions of other 
alkalis, relatively free from carbonate ) . Upon shaking, the 
alkali swirls about in the trough with little tendency for 
it to splash over. The respiring tissue is placed in the 
main part of the flask (C). When flasks as shown in Fig. 30 
are used, 0.5 ml. of hN HCl is placed in the secondary sac 
of the Siamese sldearm and then 0.5 ml. cold saturated 
Ba(0H)2, or 2N NaOH relatively free from carbonate, is 
placed in the primary sac of the Siamese sldearm; a folded 
piece of filter paper is added to increase the absorptive 
area of the alkali. A substrate can be added from the simple 
sldearm of the flask. The acid is tipped from the secondary 
to the primary sac of the Siamese sldearm and thence into 
the main chamber to obtain the initial bound COp or at the 
completion of the run to obtain the COp evolved during the 
run. 


The method is quite useful but has the following llmi 
tations : 


(1) Bicarbonate solutions cannot be used because the measurements are made in 
the absence of COp in the air. 

( 2 ) The tissue is respiring in the absence of COp, which may affect the rate 
or course of metabolism. 


Detailed descriptions are given by Dixon (191+5), Dickens and Simer (1930, 1935) and Meyer- 
hof and Schmitt (1929). 


THE "SECOND" METHOD OF DICKENS AND SIMER 


The basic principle of this method is that after an appropriate interval acid is 
added to the tissue liberating all bound COp in the form of gaseous COp. The COp in the 


- 77 - 



78 


MANOMETRIC TECHNIQUES 


gas phase Is then all absorbed by the addition of alkali. Appropriate controls are used 
which permit one to measure oxygen uptake, acid production, and CO 2 production in buffers, 
bicarbonate, serum, etc., or mixtures of these. The actual description of the method is 
(julte complex but it is certainly desirable to have some knowledge of the principles in- 
volved, since when equipment is available permitting its use, the method eliminates many 
of the complexities and uncertainties Inherent In other methods, although it does intro- 
duce a few of its own. 

The essential measurements are the COg liberated by acid and the CO 2 absorbed by 
alkali. Two types of apparatus are available for this measurement. First the type of 
flask used by Dickens and Slmer will be described. This Is a two compartment flask illus- 
trated In Fig. 27 , fitted with sldearms, one of which tips into one compartment (i.e.. A' 
into A); the other tips into the second compartment (S' into B) . The tissue is placed in 




Flask for use with the "Second” nethod 
of Dickens end Simer. 


Dixon-Kellin Flask (see text for 
description. 


compartment A and acid in A'. Upon tipping A' into A the COg fixed in the solution is 
released. Compartment B contains m/ 5 KMnCi^ in M/ 5 OO HgSOj. while the sldearm (B') contains 
JOjt Nal (acidified to M/ 5 OO HgSQt Just before use). .Upon tipping B' into B mixing of the 
iodide with the permanganate results In an alkaline reaction which absorbs the whole of 
the COg from the gas phase. 

A second type of flask which accomplishes the same purpose is that used by Dixon and 
Kellln, illustrated in Hg. 9B. Tissue is placed in compartment A) and acid in the side- 
arm A'. Alkali is placed in the stopcock Insert B' which when turned to a point parallel 
with the center well (B) permits the alkali to enter the flask. "B" usually contains fil- 
ter paper to increase the surface of the alkali. A glass rod, by dropping into the stop- 
cock Insert displaces the alkali Into B so that it wets the paper. 

Measurement of respiration, COg output and acid production are made with one flask 
but two others are required as controls. Details of the procedure have been adequately 
described in several places (Dixon, 19^5: Dickens and Simer, 1953); the method Is briefly 
as follows: In the center compartment of the principal flask, the tissue is suspended in 
phosphate. In other buffers, or in serum and Is allowed to respire for a definite measured 
interval. At the end of this interval acid is tipped in from the sldearm, and the gas so 
released (COg) measured (= final "bound'' COg). After the readings are constant, the iodide 
la tipped into the permanganate (or alkali added in the Dixon- Keilin flasks) causing the 
absorption of COg. This is measured (= final COg In gas phase). Oxygen uptake is deter- 
mined by the drop in the reading after all the COg has been absorbed compared to the 
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initial reading. This drop waa caused by (a) oxygen uptake, and (b) the absorption of the 
COg which waa in the gas phase at the start. A control flask is used to determine how 
much COg waa in the gas phase at the start, hence the oxygen uptake can be calculated 
readily. The CO2 in the gas phase not accounted for by the initial COg in the gas, plus 
that derived from the bicarbonate (a second control flask measures Initial "bound" COg) la 
that produced directly by respiration or fermentation. The decrease in bicarbonate is a 
measure of the acid production, but it must be corrected for "acid retention" (see later) 
in order to give the true acid produced. The relatively large changes in gas pressure 
which occur (l.e., when bicarbonate la acidified, or all the COg is abscrrbed) usually 
necessitate the use of mercury or Clerlcl'a solution in the manometer. While the method 
is quite useful it has two limitations: 

(1) "Acid retention" must be estimated and corrected for. (See discussion 
in the latter part of this chapter.) 

( 2) It only serves to measure the reactions over an Interval and does not 
provide for a continuous measurement of respiration, COg output and 
glycolysis, as has sometimes been supposed. 

Undoubtedly this method deserves more attention than has been accorded to it. In our 
opinion the necessity of specialized apparatus has been a serious limitation in its use. 

A modification which permits one to use the method with ordinary Warburg flasks having two 
sidearms la the following: 

Tissue, buffers, etc., are placed in the main compartment. Acid is placed in one 
sldearm. The other sidearm usually contains 0.5 “1. saturated KMnOk in M/lOOO HgSQl^. 

Suspended above it is a tube of KI (solid) attached 
to the stopper with sealing wax (Ilg. 29, see Vog- 
ler, 1942) . When, after the acid has been added, 
it is desired to absorb the COg from the gas phase, 
the stopper la turned to break off the tube con- 
taining the KI; the KI mixes with the permanganate 
and causes an alkaline reaction whereupon the COg 
la absorbed from the gas phase. The absorption is 
slow, however, and 8-12 hours are required for 
completion. This does not seriously affect the use 
of the method since the tissue is not metabolizing. 
The manometers are usually left in the bath ( sheik- 
Ing slowly) overnight. Mixing of KI and KMnO^ also 
can be accomplished by the use of a flask having 
one of its sidearms equipped with a double sack 
(Fig. 30). This type of flask (Fig. 30) is less 
expensive, more rugged and suitable for a wider 
variety of applications than the more specialized 
flasks shown in ligs. 26, 27, 28; -it is highly 
recommended as a general utility flask. As these 
flasks occupy more space than the ordinary flasks 
it may be necessary to stagger them in the bath, 
i.e., if the sidearms of one flask point away from the manometer the sidearms of the ad- 
jacent flask will point toward the manometer. 



Sealing 

Wax 



FIG. 29 


FIG. 30 


Arrangaaanti panilttlng the alxlng 
of two Mterlalt In 1 eldeara (>ee text 
for deecriptlon). 


DIXON -KEILIN METHOD 

This method is adequately described by Dixon (1945) together with several modifica- 
tions. It is essentially the second method of Dickens and Slmer but has been considerably 
simplified for use with the differential nanometer. When this apparatus is available it 
is undoubtedly a very excellent method. Two flasks ( Dixon- Kellin type) of exactly the 
same size (their size may be equalized by adding glass rods (Summerson, 1939)) con- 
taining identical amounts of tissue, buffers, gas, etc. are attached to opposite sides of 
a differential manometer. At the start, acid is tipped into one of the flasks, giving the 
initial "boiuid" COg. Respiration, glycolysis, etc. continue in the other flask, causing 
a drop in the manometer reading. At the end of a measured Interval acid is tipped into 
the second flask causing the liberation of "bound" COg still remaining. Both flasks have 
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now had the same treatment except that one has respired for a measured interval. Alkali 
Is now introduced Into both flasks simultaneously to absorb the CO2 In the gas phase. 

From the resulting change In the nanometer, the oxygen uptake can be determined readily. 
From the other readings mentioned one may determine the total COg output and the change In 
"bound" COg. From the latter, by correcting for "acid retention"; the acid produced may 
be calculated. Dixon (1937), Brekke and Dixon (1937), Elliott and Schroeder (193**) have 
described methods based on the Dlxon-Kellln method. Dickens and Greville (1933h) and 
Summerson (1939) have provided essentially similar methods but with improvementa possible 
by the use of specialized apparatus. Dixon (19**3) haa discussed these In some detail. 

O', ir. UMbreit 


BETENTION 

The measurement of COg production I3 complicated by retention. Retention Is a mani- 
festation of the fact that the amount of COg released from a buffered medium Is lees than 
would be released from a theoretical medium with no buffering capacity. Quantitatively, 
retention by a medium Is a direct function of Ite buffering capacity. 

Two manifestations of retention are encountered experimentally, and they will be dis- 
cussed here under the terms "retention of COg" and "retention of acid". The difference 
between them is that "retention of COg" concerns the binding of a part of the metabolic 
COg (determined as outlined In Chapter 2) as bicarbonate by reaction with the buffer, and 
"retention of add" concerns the neutralization of a part of the metaboll oally formed acid 
(determined as outlined In Chapter 5) by the buffer present rather than by bicarbonate. 

Retention of COg. When metabolic COg Is produced in a medium in the usual physiologi- 
cal range of pH, less COg appears In the gas phase than Is predicted by the equation for 

^g ^ ^f 

the measurement of cOg exchange: XCO2 = •'^COg* flask constant kQOg = 

Is calculated with the absorption coefficient, a, for COg as one factor. The values for 
a substituted In the equation are determined from the solubility of COg in pure water, 
l.e., in a medium essentially without buffering capacity. The true absorption coefficient, 
a. Is not affected greatly by a change In pH or by the presence ox absence of buffers in 
the medium, e.g., the a value for COg at 25° C. la 0.756 in water, 0.732 In 1-0 M HCl, and 
0.692 In 1.0 M KH,C1. However, as was emphasized In Chapter 5, the observed solubility of 
COg is complicated by the formation of bicarbonate In a medium with buffering capacity. 
Retention of COg Is the term used to describe the ability of a medium to bind COg (as car- 
bonate or bicarbonate) in excess of the amount predicted by Its true a solubility. 

Correction for retention of COg is made most easily by using a flask constant derived 
by substituting ana' value fora in the equation for determining the flask constant, a' 
is defined here as the solubility of COg at the pH of the medium, and it combines both the 
true a solubility and the solubility from the formation of bicarbonates. As pK'a from the 
apparent first dissociation constant for carbonic acid is 6.317 (at 38° C-), 

^ (c 6g ~ r°^^ " antilog (pH - 6.317) 1 

where the pH Is that in the reaction flask during the experiment. In Fig. 7, Chapter 2, 

^ Is plotted against pH. An Inspection of this figure indicates that below pH 5 reten- 
tion Is negligible and may be disregarded, that in the pH range 5 ho 7 retention is con- 
siderable but may be corrected for with the anticipation of aocru"ate results, but that 
retention above pH 7-0 is excessive and accuracy may be poor when the "direct method" for 
measuring COg production Is used. 

As an example of the use of the O' value, assume that a flask of I8.5 ni. volume is 
being used to measure the COg production by cells suspended In 3 ml. of medium at pH 6.5. 

The temperature of the bath Is 37° C. Fig. 7 indicates that at pH 6.5 = 2.50. At 
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57° C. the value of a for COg la O.567, ao a' = 2.5 X 0.56? = l.*^2. Therefore, 

15,500 X + 3,000 X 1.1*2 

’*^'002 = 10,000 " 

Under the conditions specified the true CO2 production can he calculated simply by multi- 
plying the observed change In mm. on the manometer (Brodle's fluid) by 1.79- 

The use of a' In correcting for retention carries with It the assumption that the pH 
In the reaction vessel does not change. If the pH does change the final as well as the 
initial pH should be determined to permit a more accurate calculation of the COj retained. 
As reactions proceeding at a linear rate are normally measured, a knowledge of the Initial 
and final pH will permit the reasonably accurate prediction of the pH at any time ‘during 
the run; from the pH at any time the oe' and the flask constant at that time can be calcu- 
lated. In many cases the buffering capacity of the medium will be sufficient so that 
changes In the pH may be neglected. 

Although the use of a' values for the calculation of retention of CO2 Is recommended 
for Its simplicity. It also Is possible to determine the retention empirically. This is 
done by generating CO2 In a respirometer In the absence of the medium and in another 
resplrometer in the presence of the medium. The .procedure usually recommended is to place 
bicarbonate for generating COg In the flasks (section B, Fig. 27, or primary sac of Siamese 
sidearm. Fig. 30) and to fill the flasks with a gas mixture containing CO2 In equilibrium 
with the bicarbonate. A simpler procedijre is to substitute carbonate for bicarbonate so 
the determination may be performed in an atmosphere of air. The details of such a deter- 
mination follow: 


Flask 1 

(A flask with 1 sidearm) 

Flask 2 

(A flask of the type shown in 

Figs. 27 or 30) 

0.2 ml. solution containing 1 mg. 
NapCOj (equivalent to 211 ;il. COp) 
la dried in main chamber of flask 
at 250° C. for 1 hour. 

0.2 ml, solution containing 1 ng. NapCOj 
is dried in primary sac of Siamese sidearm 
(Fig. 50) or In chamber B (Fig, 27) at 

250° C. for 1 hour. 

0.2 ml. 0.2 H HgSOh In sidearm. 

(This Is more than sufficient to 
liberate all the COp from the 

NapCOj . ) 

0.2 ml. 0.2 K HpSOh in secondary sac of 
Siamese sidearm (Fig. 50) °r in B' (Fig. 

27). 

2.0 ml. HgO In main chamber. 


2.0 ml. of medium in main chamber (Fig. 30) 
or in A (Fig. 27). 

Atmosphere, air. 


Atmosphere, air. 


After equilibration, tip in acid from the sidearm into the main chamber of flask 1. In 
flask 2 tip acid from the secondary Into the primary sac of the Siamese sidearm (Fig. 30) 
or from B' into B (Fig. 27). The addition of acid liberates the same amount of COp in 
each flask, but more Is taken up by the medium In flask 2 than by the water In flask 1. 

The aaount of COp liberated Into the atmosphere of each flask Is calculated from the ob- 
served change in pressure (corrected for any change In the thermobarometer) and the k(jQ 
for each flask. As the same amount of CCI2 was liberated from the' carbonate in each flask, 
the CO2 observed in flask 1 minus that observed in flask 2 represents the retention of COp 
by 2 ml. of the medium (the a solubility in the fluid in the flasks is corrected for in 
the calculation with kcg^)- f°r example, only 80^ of the COp liberated is observed in 

the gas phase all observed values for COp liberation under the same conditions can bo 
divided by Oj’ to give the true amount of COp formed. 
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It should he noted that In the exan^le of the eii?>irloal determination of retention of 
CO 2 only the medium Is considered and no enzymatic preparation Is Included In the test. 
When a howgenate or other preparation vrtth conelderahle buffering capacity Is added, the 
retention Is changed substantially. Addition of heat Inactivated enzyme, or enzyme plus 
Inhibitor, to the medium for the test of retention capacity should correct for this, 
although denaturatlon and clumping of the protein upon heating may alter Its buffering 
capacity somevhat. 

Betentlon of Acid . Production of acid often Is followed manometrically by measuring 
the COg released by the acid from a bicarbonate medium. However, the acid produced does 
not release Its eq,ulvalent In COg because of the buffering capacity of the medium. 

An electrometric titration ctirve of materials duplicating those contained In the re- 
action flask and a determination of the Initial and final pH In each flask will permit the 
calculation of retention of add. However, it Is difficult to obtain accurate pH values 
because of the loss of COg from the medium after the vessel is opened. The pH values 
could be found by Inserting a glass electrode and bridge assembly through a ground Joint 
in the flask, but this would require special equipment. 

Hie empirical determination of retention of add (especially by the method described 
by Bain In the next section) is the method of choice for obtaining a correction factor. 

A known amount of add. Insufficient to liberate all of the COg from bicarbonate, is added 
to bicarbonate In one flask and to bicarbonate plus the medium in another flask; the out- 
put of COg la measured In each case. Note that In this method the add Is added directly 
to the nBdlum, whereas In the empirical determination of retention of COg it is added to 
the carbonate in a chamber separated from the medium. An example of such a determination, 
carried out in ordinary flaa)C8 with one sldearm, follows: 


Flask 1 

Flask 2 

Main chamber - 1 ml. 0.0177 M NaHCC^ 

2 ml. water 

Sldearm - 0.1 ml. O.OlO M lactic acid 

1 ml. 0.0177 M NaHC 05 

2 ml. medium 

0.1 ml. O.OliO M lactic add 


Gas mixture contains 51^ COg; pH of medium 7-0. 


After equilibration, add is rinsed Into the main chamber of each flask. The amount of 
COg liberated Is calculated from the change in the manometer readings (corrected for any 
change of the thermobarometer) and the flask constants. The ^1. COg liberated in flask 2 
divided by the ;il. COg liberated in flask 1 gives the fraction liberated from the medium. 

If this be 0.8, subsequent values for COg^ liberation, from this medium under the same 
conditions, when divided by 0.8 will yield the true amount of COg equivalent to the acid 
produced. 

The method described involves the addition of a constant amount of acid. If It is 
added in flasks of different volumes It will not establish the same pCOg; therefore, reten- 
tion of acid will not be the same In flasks of different volumes. Hence, calibration of 
each flask is necessary; this is a cumbersome operation when accomplished by the procedure 
outlined above. In the following section a very convenient method for determining reten- 
tion of acid during a run is described. 

/). H. Burri$ 

MEASUREMENT OF RETENTION OF ACID 

Warburg flasks, so designed as to allow the addition of two substances to the system 
at different times are required. Flasks with two sidearms were found to be convenient. 

In one sldearm Is placed a measured amount of standard citric acid (0.1-0. 2 ml. M/IO). 

The flask Is then placed In an oven at 75*^ C. until the acid Is completely dried. Tlila Is 
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done In order to avoid changes in volume when the standard acid is added to the aystem. 

In the other aldearm la placed the requisite amount of substrate solution while the main 
part of the flask contains the tissue to be studied, the HaHCOj buffer, and water to make 
a total volume of 3.0 ml. The flask Is gassed and equilibrated in the usual manner and 
the substrate tipped in. The rate of CO 2 evolution Is measured for two five minute per- 
iods; at the end of the second period the dried acid Is washed Into the main part of the 
flask and three more readings are taken. The first two and the last two readings give the 
steady rate of the system. The difference between this rate and the third reading gives 
the amount of carbon dioxide evolved by the standard acid. The variation between this 
value and the value obtained by tipping standard acid into NaHCOj alone allows a calcula- 
tion of the retention correction to be made. The amount of acid introduced into the sys- 
tem Is not large enough to change the pH appreciably and thus the activity of the tissue 
Is not affected. The correction obtained la a function not only of the buffering capacity 
of the medium, but also of the volume of the flask and the amount of the gas evolved. 

In the conventional method (Dixon, 19*t3) each flask Is calibrated Individually. A 

method has been devised whereby any number of flasks may be calibrated for retention from 

the data obtained by the use of just one flask provided the volume of each Is known. 

If the flask constants (k) are calculated for a series of flasks in the usual manner 

and plotted against the gas volumes (Vg) a straight line, hereafter referred to as the 
base line, is obtained. Suppose that a medium which retains carbon dioxide is introduced 
into these flasks. Each flask will now have a constant which is equal to k plus an amount 
"r" which will vaiy with each flask. If these new k values be plotted against Vg as be- 
fore, a straight line will again be obtained, but will be found to lie above the base line 
and to have a different slope. The charaoterietlcs of this line are reflections of the 
facts that the amount of retention is a function of the buffering capacity of the mediium, 
the volume of the flask, and the amount of gas evolved. 

^ introducing a given medium into three flasks of different volumes and measuring 
the amount of COg given off when a known amount of standard acid was added, a retention 
line was determined directly. This was done with several media of different retentions 
and the data plotted (see Bain and Busch, I 9 H). It was found that the slope (m) of these 
lines was proportional to the value of k at a given volume, i.e.: 

When Vg la constant: 


(52a) 


(. 52 b) 


(52e) 



With this fact eatahlished it became apparent that the retention line for a given medium 
could be determined from the data of one flask If the base line and the volume of the test 
flask were known. The method of arriving at this conclusion is demonstrated as follows: 

From Chapter 1, k = x/h, where k = the constant of the test flask of volume Y„, x = 
the theoretical pi. of carbon dioxide evolved by n ml. of standard acid, and h = the mano- 
meter reading produced by n ml. of standard acid. 

Solving the eatahlished proportion for m, we find m = km-base/^Qiase; where m la the 
slope of the retention line, m^ase slope of the base-line and k and kt)a 30 the con- 
stants of the flask of volume Vg at retention and at base-line levels. 

solving a simple analytical equation for a straight line, we find k' = m(V'g - Vg) 
+ k, where k' la the constant of the flask of volume Vg at retention line level. 

With Vg known and Vg arbitrarily assigned, k and k' can be calculated from the above 
equations and the retention line (thus defined by the points (k, Vg) and (k', Vg)) con- 
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atructed. The conatant for any apparatus volume may now he read directly from the reten- 
tion curve for the medium involved. 

The uae of these retention values in the Warhurg "indirect method" (Chapter •;) is 
descrihed by Idxon {19l;3), in the second method of Dickens and Slmer (Chapter 8) by Dixon 
(l^l;?) and Dickens and Slmer (1933), and in the Dixon and Kellln method (Chapter 8) by 
Dixon (1957, 19'^3). 

J. A, fiain 


MEASUREMENT OF GASES OTHER THAN OXYGEN AND CARBON DIOXIDE 

Hydrogen : Hydrogen exchange often may be Involved in bacterial reactions. In the 
oxidation of hydrogen with molecular oxygen (the Knallgas reaction) a combination of oxy- 
gen and hydrogen takes place and difficulty arises in establishing how much of each gas 
reacts. If the reaction can occur at low partial pressure of oxygen the individual gases 
taken up in the overall reaction can be measured as described by Lee, Wilson, and Wilson 
(19*;2). Employing a mixture of 98i> H2 and 256 O2 in the Warburg flasks they allowed the 
reaction to proceed to a point where the oxygen was exhausted. The oxygen supplied was 
accurately measured in Independent flasks containing pyrogallol and alkali, the alkali be- 
ing added from the sldearm after temperature equllibrimn was reached. Such a method is 
limited to gas mixtures containing nob over 2.5lt of oxygen. Subtracting the pressure 
change in the oxygen analysis flask (alkaline pyrogallol) from the total pressure change 
in the flask containing H2 and O2 indicated the pressure change attributable to Hg uptake. 

If hydrogen evolution is to be measured in an aneroblo system for which independent 
analysis has demonstrated that hydrogen and carbon dioxide are the only gaseous products, 
the carbon dioxide may be absorbed with KOH in the inset cup and the gas pressure attrib- 
uted to hydrogen production. Woods and Clifton (1957) have followed such hydrogen output 
with simultaneous estimation of carbon dioxide evolution in Independent flasks. 

Nitrogen ; In the biological reactions of nitrogen fixation and denitrification mole- 
cular nitrogen is involved. The amounts of Ng reacting are usually relatively small, but 
can be measured by manometric methods. 

Nitrogen fixation may be, followed directly in Warburg resplrometers in the following 
way: The Brodle's fluid in the manometers is replaced with mercury which has been mois- 
tened with water; 1 to 5 mm. of water is kept above each mercury column to minimize the 
sticking of the mercury in the capillary tubes of the manometers. The biological agent to 
be studied is introduced into a Warburg flask arranged so the alkali may be mixed with 
pyrogallol at the end of the run (flasks shown in Figs. 26, 27, 28 and 50 are applicable). 
The crdtures are shaken in the Warburg bath in the ordinary manner, and pure oxygen is 
added to the flasks when needed as indicated by the manometer. If Impure tank oxygen is 
used the amount supplied must be recoiled so a final correction may be made for Ng added 
with the 02- After it is Judged that the biological agent has accomplished its nitrogen 
fixation, the alkali which has absorbed CDg in the vessel is mixed with the solution of 
pyrogallol (slightly acidified to limit spontaneous oxygen absorption) and the manometer 
is shaken until equilibrium la reached. The absorption of oxygen will yield the percentage 
of oxygen initially present in the flask if no nitrogen has been fixed, however, if nitro- 
gen has been fixed its removal will appear as an apparent increase in the oxygen content 
of the flask. For example, if the gas mixture initially supplied were air with Sl^ oxygen, 
and the final absorption of oxygen indicated that 23 $ of the gas supplied had disappeared, 
one would conclude that 2$ of nitrogen had been fixed. Such measurements may prove useful 
in establishing nitrogen fixation by materials which by virtue of a high initial nitrogen 
content cannot be accurately analyzed with the KJeldahl procedure. The method has been 
applied by Allison, Hoover and Minor (19*;2) and in our laboratories; the theory of the 
method as used with Novy-Soule resplrometers is discussed by Hurwltz and Wilson (19*;0). 

Burk (193**) demoMtrated that nitrogen fixation could be followed indirectly by esti- 
mating the growth rate of nitrogen fixing organisms as measured by oxygen uptake. In a 
nitrogen free medium the growth of azotobacter is limited by its ability to fix nitrogen. 
The more rapidly the organism fixes nitrogen the more rapidly it multiplies and in turn 
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tha more rapidly it takes up oxygen. Thus a measurement of the increasing rate of oxygen 
uptake gives a close approximation of the rate of nitrogen fixation although the two reac- 
tions are not strictly parallel. 

fl. H. Barris 


MISCELLANEOUS METHODS 

Yogler method : Yogler (19*^2) described a method for studying COg fixation. This 
method is essentially that of Dlckena and Slmer (1935) except that Dixon- Kellin flasks 
were used and, at appropriate intervals, gases were added. The amounts of gas (COg) added 
were measured manometrlcally by introducing them into the sideam and measuring the in- 
creased pressure resulting from such addition. A few moments are required before gases 
added to the sldearm diffuse into the main compartment where they react and this time is 
sufficiently long to permit accurate estimation of the amounts added. Under acid condi- 
tions Vogler was able to estimate CO 2 fixation and O 2 uptake simultaneously. 

Saffron method : In measurements of simultaneous oxidation of hydrogen and reduction 
of carbon dioxide, Gaffron (19**2) has described in detail two methods for absorbing carbon 
dioxide after the reactions were complete. One of these employed flasks in which the side- 

arm la attached, not to the body of the flask Itself, but 
to the ground glass Joint by which the flask is attached 
to the manometer. The manometer connection Itself has 
been partially cut away so that by rbtating the flask in 
one direction, the sldearm becomes part of the gas space 
of the flask, whereas by a further rotation this arm may 
be closed off (see Fig. 51)' There are some minor techni- 
cal difficulties associated with the use of this type of 
system. For example, when the sldearm is closed off, pres- 
sure changes in the flask have no effect on this isolated 
gas space, hence upon connecting the sldearm with the main 
compartment a sudden equalization of pressure occurs be- 
tween them. Yet this method is one of the few systems 
available in which one can successively expose tissues to 
C 02 ' free gas and to gas with CO 2 (or other gases for 
which specific adsorbants are available). 

Another method employs the usual type of flask with a 
glass paddle fused to the plug of the sldearm. In this 
sldearm is placed a. small thin-walled glass bulb filled 
with KOH solution. Upon turning the plug of the sldearm 
the paddle is rotated so that it crushes the bulb, thus 
releasing the KOH which absorbs the COg. 

..thod!*”' ^ analysis : Two general types of procedure are 

employed in using the Warburg instrument as an instrument 
of gas analysis. For gas mixtures containing less than 2 
to 2 . 55(1 of the gas to be measured, the flasks are filled with the gas to be analyzed' 
(either by the flow method or the evacuation method, see Chapter 5 ). A reaction is then 
caused in the flask (or a reagent added) which will absorb the gas. The decreased pres- 
sure observed is a measure of the gas content. This method has been used for oxygen (see 
page 83 ) using slightly acidified solutions of pyrogallol in the main compartment and 
tipping in alkali from the sldearm after the system la equilibrated. It has been used for 
CO 2 by generating alkali by means of permanganate and iodide (see page T 8 ) or by using 
Dixon-Keilln flasks (e.g., see Vogler, 19k2) . 

The second procedure, for gas mixtures containing more than 2 to 2.5^ of the gas to 
be measured, is as follows: the reagent for absorbing the gas la placed in the main com- 
partment of the flask and the flask filled with an inert gas. After equilibrium is ob- 
tained the gas to be analyzed is introduced into the sldearm. The increased pressure, 
while the gas remains in the sldearm, is a measure of the total amount of gas introduced. 
As the gas diffuses into the main compartment the reagent absorbs it and the resulting 
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decrease in preaaure la a measure of the specific gas involved. Three methods of adding 
the gas to he analyzed may he used, as follows: 

1. Addition to sldearm : Sldearm flasks equipped with a gas vent are employed (Fig. 

13, page W). Before adding the reagent to the flask, the gas is allowed to flow 
through the sldearm plug until all the original gas in it has been displaced hy 
the mixture to he analyzed. The reagent is added to the flask, the sldearm plug 
inserted (closed position so that there is no flow of the gas into the flask; 
reservoir remains attached to plug), and the gas in the flask is replaced with an 
inert mixture hy evacuation procedure (see page After equillhratlon (during 

which time the reagent ahaorhs any of the gas in question which may have entered 
the flask while Inserting the sidearm plug), the plug la turned momentarily to 
allow gas to enter the flask. The increase in pressure is measured (giving the 
pil. of gas added) . After the gas has diffused from the sldearm and been absorbed 
hy the reagent, the pressure change may he used to calculate the composition of 
the gas added. 

2. Addition to sidearm : This is essentially the same as above, except that the side- 
arm plug is filled with the gas mixture in question hy evacuating and refilling 
with the gas mixture and is left attached to the gas reservoir. Several (4 or 5) 
evacuations and refllllngs are necessary. 

3. Addition through manometer stopcock : Gas also may he added through the stopcock 
of the manometer after flushing out the connecting tubing through the tail-vent of 
the three-way stopcock. This is an especially convenient method of gas addition. 
However, the gas tends to remain in the capillaries for a long time. It may he 
forced into the flask hy closing off the open end of the manometer and raising the 
fluid until it travels along the capillary connecting the manometer to the flask, 
but even then there is a "dead" space between the flask connection and the stop- 
cock. This method is useful when great accuracy is not required; 

The reagents one employs for absorbing gases, depend upon the nature of the gas. 
Standard works on gas analysis should be consulted for their preparation. 

Disinfectants and Germicides : The action of killing agents may be studied manometri- 
cally. In principle these methods depend upon adding the toxic agent to the metabolizing 
tissue or bacterial suspension and determining the amount of inhibition (of respiration or 
glycolysis) under specified conditions. See Bronfenbrenner, et (1938) and Ely (1939) 
for details. 

Catalytic Bvdrogenation : The Warburg respirometer can be used for the quantitative 
study of many catalytic hydrogenations. These take place at 1 atmosphere pressure even 
though on a larger scale several atmospheres of pressure may be necessary. Apparently the 
relatively enormous quantity of catalyst.ln the Warburg vessel in relation to the material 
to be reduced permits more efficient operation of the catalyst, and hence higher pressures 
are not usually required. The procedure is useful to determine how much hydrogen is being 
absorbed but is not Intended to actually prepare the products of hydrogenation. Very small 
quantities of substances can be used and the general conditions for optimum reduction 
worked out before progressing to large scale reduction. The process is illustrated by an 
example: In a Warburg flask was placed 1.5 ml- 0.1 M borate buffer, pH 9^ G-5 ml- of a 
suspension of platinum black containing 1 mg. platinum per ml. In the sldearm was placed 

0.2 ml. of a pyridoxal hydrochloride solution containing 5 mg. per ml. (m. w. = 204, hence 

the 1 mg. added = 4-9 ;iM) and 0-3 ml. of the borate buffer, ^drogen gas was passed 
through the flask for 1 hour, after which the taps were closed and the slight residual up- 
take of hydrogen (required for the complete reduction of the catalyst) allowed to proceed 
to completion. The pyridoxal hydrochloride was then tipped in, and in 90 minutes ll4 pi. 
of H 2 was taken up; at this time, the reaction stopped. This represents 114/22.4 = 5-1 pM 

H 2 or 1,04 Hp per mole of pyridoxal and indicates reduction of the free aldehyde group but 

no reduction in the ring. Upon using the same reagents but adjusting the buffer to pH 5^ 
2.65 Hp per pyridoxal were absorbed indicating direct reduction of the pyridine ring. 

This method has not been used extensively by organic chemists for the quantitative measure- 
ment of hydrogenation, but it is convenient and worthy of more general application. One 
obvious precaution should be added - the buffer used must not be reducible in the presence 
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of the catalyst. Phthalate buffers, for example, cannot be en^iloyed with most catalysts. 
The catalysts, such as platinum, palladium, Raney nickel, etc., are prepared In the same 
manner as for large scale reductions. 

If. If. Umbreit 


IMPROVED CONSTANT VOLUME RESPIROMETER 

A modified design of the conventional Vfarburg manometer has been developed which per- 
mits a 50^t Increase In range and easier manipulation with a slight decrease In overall 
dimensions. The changes Involved (Fig. 52) are as follows: 

1. The fluid reservoir Is placed in the right limb of the manometer 
near the base. 

2. The left limb la extended to the bottom of the mount, the space 
formerly occupied by the reservoir being used for extention of 
the graduated scale to a total of 45 cm. 

5. The unused graduations on the right limb are replaced by a 

single scratch mark. Further marks may be made at any conveni- 
ent point. 

4. The stopcock is replaced by a standard capillary T 5"way cock 
placed between the manometer and the flask. The middle tube of 
the cook Is tent forward to protrude slightly between the mano- 
meter limbs for gassing purposes. 

The manometer is calibrated and read In the usual manner. The 
sensitivity Is equal to that of the conventional manometer using the 
same fluid. Gassing may be accomplished In any of three ways: 

a. The cook Is turned to connect all three arms, and the same 
procedure Is used as with the conventional manometer. 

b. The gas above the manometer fluid Is flushed either by 
moving the fluid up and down while circulating gas through 
the cock, or by running the fluid up to the cock and turn- 
ing the latter to connect only the flask and gassing tube. 

This may be performed at any convenient time - hours before 
the experiment Is to be run, if desired. The flask Is 
then flushed with gas, which may be run through at any 
pressure without disturbing the manometer column. 

c. The manometer is flushed as in b, and the flask is alternately evacuated and 
filled with the desired gas mixture as described for the conventional apparatus 
(Chapter 5). No clamps for the fluid reservoir are necessary during the evacu- 
ation since the manometer is sealed off from the flask. 

At the conclusion of a, b or o, the cock Is turned to connect the flask and manometer, 
and the experiment Is continued as with the conventional apparatus. 

The design la especially convenient when the manometer Is used with the mounts and 
circular gassing rack employed with the Lardy circular bath. The position of the stopcock 
on top of the mount permits easy access from either front or back, and a short length of 
tubing serves to conneot the gassing manifold to the gassing tube of the manometer with- 
out interference with stopcock manipulation. 

The manometer may be placed on the manometer mounts for either rectangular baths or 
the improved circular bath by making two changes. A hole Is drilled in the top of the 
manometer mount to accommodate the stopcock, and the metal bracket for the fluid level 
control la moved to the new position of the reservoir. 

The manometers may be obtained from E. Maohlett and Son, 220 E. 25rd Street, New York, 
New York, who have been authorized to produce the design. The mounts are supplied as an 
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optional part of the OtE-Lardy circular equipment. ((3tE, h Franklin Avenue, Madison, Wia- 
conain. ) 

fl. If. McGilvery 


OTHER TYPES OF RESPIROMETERS 

Two types of conatant-voli^ differential manometers have heen devised which comtine 
the advantages of the "Warhurg" conatant volume type and the "Baroroft" differential type. 
The first of these, the Dickens and Grevllle (1933a) instrument le illustrated diagram- 
matlcally in Fig. 53- The volume la maintained at a constant value by adjusting the height 
of the manometer arms so that the fluid in the manometer remains at a conatant mark. The 
difference in fluid levels In the two arms ia read from a graduated scale. This permits 
one to employ a compensated system. Independent of changes in barometric pressure, yet us- 
ing the simple flask constants of the Warburg Instrument. The second instrument, that of 
Summerson (1939) la Illustrated In Fig. 3h. It la an extremely adaptable Instrument, being 



FIG. 33 

Diagraa of the Dlcksne-Greville 
Conetent-Voluae Differential Hanoneter. 



FIG. GG 

Sumeraon Manoaiater and Support. 


capable of aervlng as two ordinary Warburg manometers (which Indeed comprise the main por- 
tlon-of the apparatus) or of serving as a constant volume differential manometer in which 
case the two outer columns, attached to the flasks, are held conatant and the difference 
in reading between the two inner columns is noted. There is little doubt that this is a 
very useful instrument, but at present it is not widely distributed. 

Sometimes it is desirable to measure larger quantities of gas exchange than can be 
handled with the standard Warburg instrument. Macrorespirometers involving essentially 
the same principles but employing larger flasks may be used. Suitable modifications have 
been described hy Wells (1938) and Wood, et al. (IjlfO). 

Several types of ultramlororespirometers have been developed for measuring less gas 
exchange than can be measured accurately with the Warburg instrument. Certain of these 
have been described in some detail by Dixon (19*f3)> Perkins (19*f5) and Tobias (19*f3). 
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Among the most sensitive Instnimenta are those employing the Cartesian diver principle 
(Holter ( 19 ^ 3 ), Llnderatrom-Lang (19*^3), Anfinson and Claff (1947)). Another respirometer 
of comparahle sensitivity has been desorlhed by Gregg (1947); It appears to he easier to 
operate than the Cartesian diver apparatus and permits measurements to 0.001 pi. Whenever 
possible It la advisable to work with the Warburg respirometer of the usual size, but when 
very small pieces of tissue or single small organisms are to be studied measurements with 
the ultramicroresplrometers are Indicated. 


The Fenn mlororespirometer (Fenn, 1927) Is Intermediate In its sensitivity between the 
Warburg apparatus and the reapl rometer? Just referred to. It consists of a control flask 
and an experimental flask connected by a graduated capillary containing a drop of kerosene 
plus dye. As the tissue respires the indicator drop moves in the capillary. If the two 
flasks are of equal volume the voliime through which the drop moves is equal to one half the 
volume of gas consumed in the flask containing tissue. This apparatus is entirely satis- 
factory for measurements of small quantities of gas exchange. Perhaps the reasons ib has 
pot enjoyed the popularity of the Warburg respirometer are that its high sensitivity is 
seldom required and that each measurement necessitates the use of two flasks (as does the 
Bancroft differential respirometer). 


Most of these ultramlcrorespirometers as well as others not here mentioned have been 
described in detail in an excellent recent book by Click (1949) to which the reader la 
referred. 


C' \B 
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The dropping 
■ercury alectroda. 


9. 9. Uabreit and R. R. Burris 

THE DETERMINATION OF DISSOLVED OXYGEN BY MEANS 
OF THE DROPPING MERCURY ELECTRODE 

As ordinarily referred to, the dropping mercury electrode is but a 
portion of the elaborate self-recording instrument known as the polaro- 
graph. This instrument plots the current-voltage curve of electrolysis of 
a solution contained in an electrolysis cell, of which the dropping mercury 
electrode is the cathode and a pool of mercury is the anode (in certain 
instances the polarity of the cell is reversed). After standardization of 
the Instrument, the current-voltage curve can be Interpreted to determine 
the substances (of a wide variety), and the concentration of each present 
in the solution. The unique portion of the polarograph is the dropping 
mercury electrode; the remainder of the instrument consists of the neces- 
sary accessories for applying a constantly increasing voltage, for measur- 
ing the current, and for recording the current-voltage data as a continuous 
curve. 

One type of dropping mercury electrode la represented in Fig. 55. 

The electrolysis cell, B, contains the solution to be electrolyzed and a 
relatively large pool of mercury. A, which serves as the anode. The drop- 
ping mercury electrode, C, consists of small drops of mercury constantly 
forming and dropping from the tip of the small-diameter glass capillary 
tube, D. The reserve of mercury is contained in the separatory funnel, R, 
and delivered at a constant head (pressure of Hg) through a piece of pure 
gum rubber tubing, T, to the capillary, D. This eirrangeraent insures a 
constant drop rate; the rate depends on the particular instrument used and 
upon the experimental conditions, etc., but the usual rate is one drop 
every one to one and a half seconds. The mercury pool. A, remains at the 
same height since the droplets of mercury do not fall into it but instead 
fall into the column of mercury in the tube below and are discharged 
through the orifice, 0. This type of electrolysis cell has been used in 
experiments on photosynthesis and respiration by Moore and Duggar (1949). 
It la preferred to the usual type where the mercury droplets fall into and 
disturb the anode pool because constancy of distance between cathode tip 
and anode la assured and the current flow in the galvanometer circuit is 
very uniform. The dropping mercury electrode assembly is provided with 
the platinum electrode, E, and the platinum wire, F, sealed into the elec- 
trolysis cell, for electrical connections to the circuit of the polaro- 
graph. 
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A ilagrammatlc repreaentatlon of a currant-voltage cp-ire, such as one might obtain 
with the polarograph In the electrolyala of a dilute (10'^ to 10"2 M) aolutlon containing 
two metallic ions, la ahown in Fig. } 6 . Two abrupt vertical dl aplacementa of thla curve 

are ahown at A and B, and aa the voltage is in- 
creased the current increaaea at a much increaaed 
rate for a relatively amall change In voltage up 
to a point where its change approxlmatea the 
original nearly horizontal portion of the curve. 
Each region of the vertical displacement of the 
curve, A and B, represents the voltage where the 
ions of one of the aubatances is being completely 
reduced (or la being discharged) at the dropping 
mercury electrode (the cathode). The poaltion of 
A and B referred to the voltage axis gives the 
"decomposition voltages" Ej^ and E 2 of the two 
substances. Since thla curve is reproducible, * 
insofar as the position along the voltage axis 
where the vertical displacements occur, Ej^ and Ep 
serve to identify the two particular substances 
present. During the discharge of an ion, the 
current becomes directly proportional to the ap- 
plied voltage aa long as the supply of Ions to 
the electrode (in this case the cathode) is not 
limiting. Finally, however, a voltage is reached 
where the supply of reducible ions becomes limit- 
ing; the current-voltage curve then levels off (it is not exactly horizontal because of 
the amall residual current). As the number of ions of a reducible substance diffusing to 
the electrode determine the current carried once the decomposition voltage has been reached, 
it is readily understood that the displacement of the current-voltage curve along the cur- 
rent axis la a measure of the concentration of the particular substance being reduced. 

Then the vertical distances, Cp and Cp respectively represent the concentration of the two 
substances in the solution, in this case the two metallic ions. Since, at the concentra- 
tions employed, ionization is practically complete, Cp and Cg represent the molar concen- 
tration of the two ions. 



FIG. 36 

Current-voltage curve of a aolutlon 
containing two aetalllc Iona 


Prom the above brief discussion of the principle of the polarograph, it is apparent 
that the instrument affords a means of rapid (puantltative and ipualltative analysis (it has 
many other applications which will not be discussed here, but see Kolthoff and Llngane 
( 19 *^l), and the literature listed in brochures describing the polarograph from apparatus 
supply companies). The points we wish to emphasize are: 

1) Each particular substance which reacts has a decomposition voltage, 

2) The difference in the amount of current at the decomposition voltage and at the 
voltage where the current is limited by the supply of reducible substance Is a 
measure of the concentration of thp substance. 

On this basis it is possible to effect a simplification of the apparatus required to deter- 
mine the concentration of one particular substance, in this case dissolved oxygen in bio- 
logical systems (Petering and Daniels, 1938). 

It would appear that if one were analyzing a solution for a single substance, a deter- 
mination of the difference in current flowing at an applied voltage slightly less than the 
decomposition voltage of the substance and one in the region of the limiting current would 
be sufficient to determine the concentration of the substance; furthermore, changes In 
concentration of the substance coidd be followed by suoceesive measurement of this "current 
difference". That the above is true for dissolved oxygen, has been shown by Petering and 
Daniels (1938). As they point out, since only two voltages (0.1 and 1.0) are necessary 
for the analysis, the apparatus set-up is very simple, l.e., the dropping mercury electrode 
assembly (Fig. 35) is connected into a circuit having a galvanometer and either a poten- 
tiometer or two large capacity standard cells. These types of the circuit are diagrammed 
In Fig. 37 . 
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The dropping mercury electrode la eaally aaaembled. A separatory funnel or a leveling 
bulb serves to contain the supply of chemically pure mercury (the mercury may be reclaimed 
by cleaning it with dilute (1 to 10) nitric acid, followed by distillation), which is sup- 
plied to the glass capillary through a piece of Tygon tubing, pure gum rubber tubing, or 




Dropping mercury electrode arranged for the detenaination of oxygen. 


rubber tubing that has been soaked In hot concentrated alkali to free it of sulfur. The 
glass capillary which has a fine tip (ca. 0.5 mm. 0. D. ) with the capillary reduced to 
such a size that the drop rate is one drop every one to one and one-half seconds with a 
30-45 cm. "head" of mercury, may be prepared by drawing down a piece of glass capillary of 
a broken laboratory thermometer. The electrolysis cell may be an ordinary gas bottle 
fitted with a ruhher stopper bearing the glass capillary, an overflow tube and a sealed In 
platinum electrode, which is submerged in the pool of mercury at the bottom of the bottle 
(Fig. 37a), or a cell provided with parallel glass (or quartz) windows may be used. The 
latter, which Is paiiilcularly adapted to experiments Involving Irradiation of the cell 
contents, is equipped with an overflow tube for the mercury and a constricted neck in which 
the tapering portion of the glass capillary rests, or is ground in to form a firm Joint. 

If the solution to he placed In the electrolysis cell contains cells or enzymes that are 
very sensitive to mercury compounds, the anodic pool of mercury may he placed in a separate 
cell which contains saturated KCl-calomel and la connected to the dropping mercury elec- 
trode vessel by means of a saturated KCl-agar bridge (Fig. 37h). 

Any available type of potentiometer, a "student type" for example, may be used to 
supply the two potentials (0.1 and 1.0 volts). It is essential that the potentiometer he 
frequently standardized during an experiment with a standard cell for slight changes in 
applied voltage lead to erratic "current differences". As Indicated above, the two poten- 
tials may be obtained from two standard cells; their preparation Is described by Petering 
and Daniels ( 1938 )- 
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An ordinary type galvanometer with a 10 cm. scale or the standard wall reflecting 
galvanometer will serve to measure the current; one having a sensitivity of 5 x 10"T ampere 
per scale division is sufficient (Petering and Daniels, 1938). tfe have successfully used 
an inexpensive galvanometer with lamp and scale (sensitivity, 0.025 microampere; period, 

5 seconds). Ihe ground glass scale was replaced with a curved transparent centimeter 
ruler whose hack had been rubbed with fine emery paper to Increase the sharpness of the 
image of the lamp filament. The galvanometer sensitivity may be reduced by use of a suit- 
able shunt. 

The dropping mercury electrode is calibrated against known concentrations of oxygen 
by approximately simultaneously determined current differences and oxygen concentrations; 
oxygen la determined by the Winkler method. 

But before giving the details of the method of calibration, it will not be amiss to 
point out that the following conditions must be adhered to in order that the calibration 
may be used to determine the oxygen concentration during an experiment and from one experi- 
ment to the next: 

1) The solution must be of the same composition. 

2) The mercury pressure (l.e., the distance from the tip of the capillary to the 
surface of the mercury in the reservoir) must be maintained constant. 

3) The same capillary must be used. 

1+) All determinations should be made at the same temperature. 

The calibration is as follows: prepare about five liters of nutrient solution, or 
buffer and add to it the cells or preparation which will be used in the experiments (only 
a small (juantlty need be added) or simply pass the liquid through filter paper. This is 
necessary to eliminate or suppress the "absorption maximum" in the current-voltage curve 
(c.f. , Petering and Daniels, 1938; Kolthoff and olngane, 19^1). Distribute the solution 
in five liter flasks, each of which is equipped with a rubber stopper bearing a siphon and 
a gas Intake and outlet tuba. Saturate the solution in one flask with air at the tempera- 
ture of calibration, by passli^ it in through the siphon. The solution is now siphoned 
out of the flask into the electrolysis cell. Allow the solution to be displaced several 
times with the tip of the siphon being held near the bottom of the cell. Insert the glass 
capillary, and proceed to determine the galvanometer deflection at 0.1 and 1.0 volt respec- 
tively. Pill two 250 ml. glass stoppered bottles, whose volume is exactly known, with the 
solution, and analyze for oxygen immediately by the Winkler method (Treadwell and Ball, 
1937). Reduce the oxygen content of the solution in one of the remaining flasks by passing 
in nitrogen (air with its oxygen content reduced by passage through alkaline pyrogallio 
acid may be used instead) for a few minutes and vigorously shaking the flask. Determine 
the current difference and the oxygen content as before. Repeat these determinations with 
successively lower concentrations of oxygen in the remaining lots of solution. The current 
differences are now plotted against oxygen concentrations to obtain the calibration curve. 
The points should fall on or very close to a straight line. This calibration curve may 
now be used to determine the oxygen concentration, or to follow changes in oxygen concen- 
tration when the electrolysis cell contains the solution plus the experimental material. 

As to the change in oxygen concentration which can be measured by this method. Peter- 
ing and Daniels (1938) show that when an electrolysis cell containing about 10 ml. is used 
a total change in oxygen concentration of the order of 5 x 10"9 mole can be determined; 
this corresponds to 0.112 )il. and to O.OI6 p.p.m. of oxygen at room temperature. 

This method has been shown to be suited to the determination of the oxygen changes 
during respiration and photosynthesis of algal cell euspensl-ona, during respiration of 
yeast, blood cells and animal tissues (Petering and Daniels, 1958). Some specific refer- 
ences of Its use, are as follows: photosynthesis (Petering, Duggar and Daniels, 1959! 
Dutton and Manning, 1941; Moore and Duggar, 1949); oxygen content of soils (Karsten, 1938); 
respiration of yeast (Anderson and Duggar, 1941) and single oat ooleoptlles (DuBuy and 
Olson, 1940). 


J. F. Stoa//«r 



SPECIAL METHODS 


93 


MEASUREMENT OF GROWTH RATES 

In general 'bacterial enzymes are studied with resting cells or cell-free preparations 
as described In Chapter 10. However, It Is desirable at times to follow the metabolism of 
growing microorganisms. With proliferating cells respiration is no longer linear with 
time but logarithmic, l.e., a plot of the logarithm of activity per unit time against time 
will yield a straight line In the Ideal case. It cannot be assumed that every measure of 
activity, oxygen uptake, CO2 output, methylene blue reducing power, etc., will exhibit a 
logarithmic Increase with time for every organism. The validity of the assumed relation- 
ship mast be established 'by concomitant estimation of Increasing cell numbers, cell mass, 
or cell nitrogen. In studying growth processes, cells in their logarithmic growth phase 
should he used to avoid the complications Introduced by the lag phase or phase of negative 
acceleration. 

Burk (193^) reviewed a considerable amount of his experimental work with growing cul- 
tures of azotobacter. He demonstrated that In cultures of azotobacter fixing molecular 
nitrogen the rate of respiration was a measure of growth, and that the growth rate was 
determined by the rate of nitrogen fixation. Althoiigh the relationship was not absolutely 
quantitative, measurements of oxygen uptake still constituted an excellent measure of 
growth or nitrogen fixation. He expressed the velocity of growth or nitrogen fixation as 
the first order velocity constant g (Wilson, 19*t'0, has preferred to substitute k for g to 
avoid confusion with g as an expression of generation time) where 

(1^8) g = k = B:503Ai2ei2_Lll 

dt 


(a r ^ dt 


a Is the initial concentration of azotobacter and y is the increase in t hours. Thus, k 
Is related to the generation time, or number of hours required for doubling the cell con- 
centration, by 


( 1 , 9 ) 0,^5 

' generation time generation time 

By plotting the logarithm of the respiration rate for unit intervals against time, k can 
be evaluated as the slope of the resulting line times 2.503. The k value as a measure of 
rate is much more valuable than a mere measurement of initial and final numbers or concen- 
trations, for these latter evaluations are subject to unnoticed shifts in rate during the 
course of the reaction. 

The following will serve to illustrate the manner of setting up, observing, and plot- 
ting an experiment with a growing culture. To 4o ml. of nitrogen-free medium drops of a 
2h-hour culture of Azotobacter vinelandli was added, the inoculated medium was shaken 
vigorously, and 2 ml. was added to each Warburg flask. Since the rate of respiration in- 
creases with time it is neoessaiy to start with light suspensions of the organisms; an 
initial uptake of 20 to 70 pi. oxygen per hour per flask is suitable. The gas mixtures 
were added to the flasks by the evacuation procedure outlined in Chapter 5. After bring- 
ing the flasks to temperature equlllhrium at 51°C., the manometers were closed and read- 
ings taken at JO-minute intervals thereafter. In Table XIX we have listed the pi. uptake 
for each 6o-minute period as recorded for duplicate flasks; only two gas mixtures of the 
experiment are shown. 

The data from Table XIX are plotted in Fig. 38 with time as abscissa and with oxygen 
uptake per hour and logarithm of oxygen uptake per hour as ordinates in parts I and II 
respectively. Plot I indicates increasing rates of respiration by the increasing slopes 
of the curves with time. Plot II is linear; -the straight line thro-ugh the points is boat 
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TABLE XIX 

Hydrogen Inhibition of a Broaing Culture of Azotobacter vinelandi I 




0-60 min. 


60-120 min. 

90-150 min. 

120-180 min. 

Gas 

Mixture 

Flask 

)il. Og 
uptake 

log 

jil. Op 
uptake 

jjl. Og 
uptake 

log 

pi. O2 
uptake 

pi. Og 
Uptake 

log 

pi, O2 
uptake 

pi. Og 
uptake 

log 

pi. Op 
uptake 

pi. Og 
uptake 

log 

pi. Op 
uptake 

60 H2, 

1 

63.8 

1.805 

68.8 

1.858 

70.5 

1.848 

74.8 

1.871 

81.7 

1.913 

20 Ng, 

20 Og. 

2 

63.0 

1.800 

68.2 

1.854 

72.5 

1.860 

77.7 

1.891 

79.2 

1.899 

60 He, 

3 

64.4 

1.809 

70.5 

1.848 

77.0 

1.887 

88.9 

1.949 

97.2 

1.988 

20 Ng, 
20 09. 

■4 

63.2 

1.801 

69.8 

1.844 

77.8 

1.891 

86.8 

1.938 

94.0 

1.973 



150-210 min. 

180-240 min. 

210-270 min. 

240-500 min. 




1 

88.5 

1,947 

94.8 

1.977 

100.7 

2.002 

106.9 

2.029 




2 

85.6 

1.953 

96,0 

1.982 

105.5 

2.015 

110.2 

2,045 




5 

109.3 

2.039 

124.5 

2.096 

137.5 

2.158 

153.2 

2,185 




4 

105.6 

2.024 

125.0 

2.090 

159.6 

2,145 

155.8 

2,192 




calculated by the method of least squares. 
The slope of the line times 2.305 gives 
the k value of the culture; from Fig. 38, 
II, the k values are 0.219 for A and 
0.127 for B. As mentioned, the genera- 
tion time equals 0.695/k, vfhich gives 
3.17 hours for A and 5-^7 hours for B. 

In the experiment described the 
nitrogen-free medium limited the growth 
of organisms other than azotobaoter. In 
experiments lasting for periods greater 
than h to 5 hours and employing media 
subject to ready contamination, respiro- 
meter vessels should be steamed before 
use to reduce the load of contaminants. 
When it is necessary to follow activity 
for a day or more it is essential that 
the flasks and all material added to them 
be sterilized. Under such conditions flasks designed to retain a cotton plug (see Fig. 22) 
must be employed. A venting sldearm with cotton plug retainer may be attached for the 
addition of solutions and for flushing gases through the system, or a solid sldearm will 
serve if gases are changed ly evacuation. Ordinary flasks may be used with the adapters 
shown in Fig. 25. 

When using cotton plugged flasks, sterilize them with the indicated Qotton plug in 
position and another cotton plug in the top. When pipetting the culture into the flask, 
discard the top plug and remove and replace the lower plug with sterilized forceps. Do 
not sterilize tlie medium (or KOH) in the flask; much more uniform results will be obtained 
if a bottle of medium is inoculated, shaken and then pipetted aseptically into the respiro- 
meter vessels. 



FIB. 38 

Rule and log rata plota of oxygen uptake by a 
growing culture of Azotobacter v Ineland II . 
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DETERMINATION OF THE TYPE OF INHIBITION 

In Interpreting the mechanlam of enzyme action It Is freauently very helpful to under- 
stand the manner In which specific Inhibitors function. The usual basic distinction Is 
that between competitive and non-competltlve Inhibitors. In the case of competitive Inhib- 
ition the substrate and inhibitor are competing for enzyme surface, and hence changes In 
either inhibitor or substrate concentration will affect the degree of inhibition observed. 
Substrate concentration is without Influence In non-competltlve inhibition. 

The mere observation of the constancy of Inhibition at one inhibitor concentration 
and with varying substrate concentration should not be relied upon to establish the com- 
petitive or non-competltlve nature of the inhibition. The more reliable method Is to apply 
the equations for testing the type of Inhibition that have been described by Idneweaver and 
Burk (193^). Derivation of the equations In detail has been given by Wilson (1959). Eber- 
sole, Guttentag and Wilson (19^^) have discussed competitive, non-competltlve and other 
less common types of Inhibition, suggested by Burk. These references should be consulted 
for adequate derivation of the theory upon which the tests for type of Inhibition are 
baaed. 

The application of the tests is relatively easy. Determine the velocity constants, 

V (the k value discussed under "Measurement of Growth Bates" is an example of a velocity 
constant), of the reaction over as wide a range of substrate concentrations as is practical 
and at two or more concentrations of inhibitor. As pointed out by Ebersole, Guttentag, and 
Wilson (19^1+), if the reciprocal of the velocity constant, l/v, is plotted against the 
reciprocal of the concentration of substrate, l/(S), straight lines (calculated by the 
method of least squares) should result with the following oharactaristlcs : 

I. In the absence of Inhibitor , a straight line results whose slope/intercept equals 
Kg, the dissociation constant of the enzyme-substrate complex. 

II. In strictly competitive Inhibition, the intercept remains constant, but the slope 
is Increased by (1 +(I)/Ki), where (I) Is concentration of inhibitor, and Kj the 
dissociation constant of the enzyme-inhibitor complex. The apparent Kg = slope/ 
Intercept increased by the same factor, l.e., (1 +(!)/%). 

III. In strictly non-competltlve Inhibition, both the slope and Intercept are Increased 
by the same quantity, viz., (l <-(I)/Ki) so that Kg remains constant. 

Mmre 39 , from Wilson ( 1959 ), shows a plot of the reciprocal of substrate concentra- 
tion, l/pNg, against the reciprocal of the velocity constant, l/k, at varying Inhibitor 
concentrations. Eg pressures of 0.2, 0.4 and 0-6 atmospheres. The intercepts are common, 



FI a. 39 


Fie. 30 


Hydrogen at ■ competitive Inhibitor of 
nitrogen flietlon by rad clover. 


Carbon aonoilda at t non-ooapatitive 
Inhibitor of nitrogen flxetloo by Aroto- 
baeter vinelendl I. 
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but the slopes Increase with Increasing Inhibitor concentrations indicating that H2 acts 
as' a competitive inhibitor in the symbiotic nitrogen fixation system of red clover. Fig. 
4o, from Ebersole, Guttentag and Wilson (19^), shows an example of non-competitive In- 
hibitlonj namely the CO inhibition of non-symblotlc nitrogen fixation by Azotobacter vine - 
landl 1 . In this case the intercepts and slopes both increase with increasing concentra- 
tions of the inhibitor, CO. 

If the data do not fit the described conditions the inhibition may be of the ''uncom- 
petitive" or "quadratic" type. Consult Ebersole, Guttentag and Wilson (19^4) for a de- 
scription of tests for determining inhibition of such nature. 

THE USE OF ISOTOPIC TRACERS IN THE WARBURG APPARATUS 


The use of isotopic tracers to follow enzymatic reactions has not been exploited ex- 
tensively as yet but holds great promise for the elucidation of reaction mechanisms. The 
extreme sensitivity of the tracer technique permits its application on a micro scale, and 
the conventional Warburg apparatus is Ideally suited for conducting a wide variety of 
enzymatic and non-enzymatlc tracer experiments. This apparatus provides a system in which 
the gas atmosphere, the temperature and the shaking can be controlled conveniently, gases 
can be generated or absorbed internally, components can be added to the reaction mixture, 
and the course of the reaction can be followed manometrioally. Furthermore, the all glass 
apparatus is easy to decontaminate. 

It is outside the scope of this book to discuss in any detail the instrumentation, 
and techniques Involved in the use of isotopic tracers. We will give only illustrative 
suggestions, and for a general discussion of isotopes and working methods the reader is 
referred to the books by Kamen (1947), Calvin, Heidelberger, Eeid, Tolbert and Yankwich 
(191+9)^ Hevesy (1948), and the Wisconsin Symposium on the Use of Isotopes in Biology and 
Medicine (1948). 

As an example of the application of Isotopes to the study of an enzymatic reaction, 
we will consider an experiment to test the ability of a heterotrophlo bacterial species to 
fix C02* Pipette the bacterial suspension (washed cells or growing culture) into the main 
chamber of a vessel of the type shown in Fig. JO, page 79- Omit KOH from the center well. 
Place the substrate in the main chamber or in the simple eidearm from which it can be added 
after the system is closed. Put a ng. of BaC^^C^ into the primary sac of the double side- 
arm and 0.2 ml. of 30^6 perchloric acid in the secondary sac of the double sldearm. Attach 
the flask to the manometer and equilibrate the system in the bath. Close the manometer 
and dump the acid into the BaC44oj to generate labeled C02- Bead the manometer when equi- 
librium is again attained and read at intervals during the run. Control flasks with KOH 
in the center well and without C'4**^02 will furnish data on the uptake of O2 by the cells. 

At the end of the run, Open the flask containing Cl^02 in a well ventilated hood so that 
there will be no chance of breathing the radioactive gas. Acidify the contents of the 
flask and bubble normal tank CO2 through, the liquid to remove residual Cl402 (or add 
NaHCOj to the acidified solution and heat to sweep out CO2) . Eemove the contents of the 
flask^with a pipette with rubber bulb or safety pipetter attached (to not pipette by mouth ). 
Separate cells or soluble components from the reaction mixture and measure their radio- 
activity directly as a dried film, or for more precise measurements convert the carbon to 
BaCOi for measurement. As radiocarbon is added only in the form of CO2J and as all resi- 
dual CO2 is removed, it is obvious that the presence of C^ in the cells or any compounds 
in the medium is evidence of CO2 fixation (non-enzymatic exchange reactions can be ruled 
out by tests with heated controls). 

In an experiment such as the one described, it is often as satisfactory ^d more 
convenient to add NaHC^^+Oj to the reaction mixture rather than to generate C'‘'^02. When 
bicarbonate is added, flasks with double sac sidearms are not necessary. It is easier to 
pipette given (Quantities of NaHCO^ into each flask than to weigh EaCO^ for each or to add 
a slurry of BaCOj. The BaCl4oj is converted easily to NaHCOj by placing a slight excess 
of C02-free NaOH in the center well of a Warburg flask to absorb CO2 generated by adding 
acid from a sidearm to BaCOj in the main chamber. The manometer will indicate when CO2 
absorption la complete. The solution of sodium carbonate and bicarbonate can be recovered 
from the flask, titrated to the desired pH and diluted to an appropriate concentration. 
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The metabolism of many Isotopically labeled compounds other than COg can be followed 
conveniently in a mlcroreaplrometer. For example, in the oxidation of carboxyl or methyl 
labeled acetate by mlcroorganlama the radioactivity of the CO 2 collected during the reac- 
tion can be checked to determine whether it originates solely from the carboxyl group or 
from both the carboxyl and methyl groups. Products arising by condensation of acetate or 
acetate fragments will reveal their origin by their radioactivity. By using carboxyl and 
methyl labeled acetate in turn, the carbon atom involved is defined. If the bacteria are 
capable of oxidative assimilation of acetate, the label from the acetate will appear in 
the bacterial cells or in the layer of polysaccharide on the cells. Eeactlons such as 
these often can be followed with the 2 or J ml. of reactants normally used in a Warburg 
flask. The recovery of some products may be feasible only when the contents of several 
flasks are pooled or when larger reaction vessels are employed. The carrier technliiue, 
Involving addition and relsolatlon of a substance, will aid in recovering a product present 
in small amounts. 

Isotopic carbon is useful in establishing the influence of added substrates upon the 
metabolism of endogenous substrates. It Is difficult to find whether in the presence of 
added substrates the oxidation of the endogenous materials is completely suppressed, par- 
tially suppressed or unaffected. To determine the effect of an added substrate on the 
endogenous respiration of bacteria the following method may be employed; Grow plants, e.g. 
bean plants, for a few weeks, and then expose them for a short period to in a closed 

glass system in the light (Burris, Wilson and Stutz, 19^9)- ^ photosynthesis they will 

fix the Cl^02 and then convert it to a variety of compounds. Harvest the plants, grind 
them, and incorporate the ground material into an agar medium. Distribute the medium in 
Eoux bottles, sterilize it, cool and inoculate the slants with bacteria. The bacteria 
harvested from such cultures will contain radioactive carbon in all or most of their 
cellular constituents. Allow these cells to respire in the Warburg respirometer with 
Ba(0H)2 or C02-frae NaOH in the center well. Recover the alkali at the end of the run, 
filter off or centrifuge down the BaCOj (precipitate BaCG^ from the NaOH with BaCl 2 ) and 
analyze its radioactivity. If in the presence of substrate no radioactivity appears in 
the BaCOj collected, the endogenous respiration has been suppressed completely. If the 
total radioactivity captured in a given time is the same in the presence and absence of 
added substrate, the added substrate has not Influenced the endogenous respiration. Inter- 
mediate activities indicate partial suppression of endogenous respiration, and quantitative 
determinations will show the extent of this influence. 

A. H. Burris 


A VOLUMETRIC APPARATUS FOR STUDIES OF 
TISSUE METABOLISM 

The volumetric principle in respirometiy can be described as follows: The gases are 
kept under constant temperature and pressure, and changes in volume are read directly. 

This has considerable advantages over the manometric principle. By allowing a direct 
reading of the volume changes the theory of the volumetric respirometere is very simple. 

No vessel constants have to be determined or calculated. The only part to be calibrated 
is the volumetric device. Vessels of different volume can be applied without the neces- 
sity of recalibrating the apparatus. An essential feature of a volumetric respirometer is 
a manometer, which here serves to indicate the constant pressure. The manometer should be 
balanced against a compensating vessel containing a few drops of water. Thereby the appa- 
ratus is made Insensitive to changes in barometric pressure and humidity during the experi- 
ment, and also less sensitive to changes in the environmental temperature than an uncom- 
pensated system, so that a less precise thermoregulation is needed. It will generally 
suffice to keep, the water bath wlthdn 0.1° Centigrade. 

The sensitivity of the manometer can be varied within wide limits. It is more sensi- 
tive the finer the bore is, the lighter the manometer fluid, the smaller the respiration 
chamber, and the larger the compensating vessel. 

The volumetric device of the respirometer serves to restore the constancy of the 
pressure before each reading and shows the magnitude of the change in volume, which has 
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taken place. It should have a reading accuracy correaponding to the sensitivity of the 
manometer. 

The volume changes are corrected for standard temperature and pressure in the usual 

way. 


The first apparatus including the features mentioned, was described by Wintersteln in 
1912, 1913. He used as a volumetric device a finely graduated capillary burette. A simi- 
lar device was used by Dixon (19*r3). Scholander ( 19k2a, 19^9) Has Improved the design of 
volumetric resplrometers, and Introduced hla microburette (Scholander, 19*i6b) for replace- 
ment of the oxygen consumed. It has a micrometer caliper unit attached to a mercury cham- 
ber, which is connected with an oxygen delivery chamber. The plunger of the micrometer 
regulates the flow of mercury into the oxygen chamber, from which a corresponding volume 
of oxygen is transferred to the respiration vessel, until the manometer is balanced again. 
The volumes of mercury (oxygen) delivered can he read on the micrometer with great accur- 
acy. 


substituting the plungers of the regular micrometers with drill rods of smaller 
dimensions, Scholander was able to obtain a high degree of accuracy in the delivery of 
email quantities. 

Scholander (19^9) has recently designed volumetric miororespirometers in plastic 
(plexiglass), a material also used by Robbie and Leinfelder (19^5) in a constant flow 
manometrlo microrespirometer. Scholander uses syringes for oxygen delivery and as measur- 
ing devices, either the commercial all-glass type, or a plexiglass miorosyringe, where a 
dial indicator (Gllmont, I9I48) is applied to read the position of the plunger. 

I was impreeaed by the posslhllltles of plastics as material for construction of 
microresplrometers, and in cooperation with Mr. 0- Hebei, I have designed an apparatus for 
studies of cell respiration and tissue metabolism (Wennesland and Hebei, 19^9)- 

It la based upon the general volumetric principles as outlined above, with a respira- 
tion chamber connected to a compensated, very sensitive manometer. The volume changes in 
the gases of the respiration chamber are counteracted 
by moving a stainless steel rod in the oxygen delivery 
chamber, until the manometer is in balance. The posi- 
tion of the plunger can be read with a dial Indicator, 
or with a simplified micrometer device, and gives the 
volume changes in the gas phase, when the dimensions 
of the plunger are known. 


DESCRIPTION OF APPARATUS 

The apparatus (Fig. kO-l) consists of the follow- 
ing parts: 

1. Respiration chamber . 

2. Compensating vessel . 

3. Plexiglass manometer block, which also con- 

tains the oxygen delivery chamber. 

Delivery and meaeurlng device for the oxygen . 

5, Mounting and shaking devi ce . 

The apparatus can he made by any workshop, which 
has a drill press, a lathe and preferably for making 
straight edges on the manometer block, a milling 
machine. 

1. The conventional Warburg flasks (Fig. *i0-l,f) 
with one sidearm and center well may be used. 

2. For compensating vessels small bottles (Fig. 40-l,c) with standard size ground 
glass stoppers (e.g. A. H. Thomas Cat. No. 2252) of approximately the same volume as the 



FI6. >10-1 

One eanoaeter block with two 
reepiroaoter unitt. A hae the oxy- 
gen dalivery chanber with plunger 
for dial Indicator reading. B hai 
the alcroaetar device. The nuabari 
show the drill diaanilons used for 
the various channels. 
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Warturg flaaka may be employei. Larger voliime bottles will Increase the sensitivity of the 
manometers . 

3 . Tto plexiglass manometer block adapted for two respirometers is shown in Fig. lo-l. 
This arrangement was found practical for attaching the block to the shaking device. One 
respirometer with plunger (p) for dial indicator reading is shown in Fig. ^J-O-l A. The 
micrometer device (d) is shown in Fig. 4o-l B. The position of the manometer (m), the 
oxygen delivery chamber (o), and the ooimecting channels is shown from the figure. The 
numbers to the right of the bores show the drill numbers used. A jig should be used^ when 
the manometer and the oblique channel, which connects the manometer with the oxygen deliv- 
ery chamber (and the respiration chamber), is drilled. All drillings must be done slowly 
only a short piece at a time. If the drill heats too mich, the plexiglass will melt, and 
the work is spoiled. Water or kerosene can be applied for cooling off the drill. 

The manometer bores were drilled from below, and the lower opening later sealed with 
a little plate of plexiglass. The manometer openings were drilled from above, and were 
molded to fit the small tapered plugs of plexiglass (t), which are used to close them. 

The molding was done with a tapered brass rod put on a file handle. Its tapered end was 
of exactly the same size as the plugs. It was heated gently and pressed into the manometer 
openings, cooled under the water faucet and retracted when it loosened (Scholandar, 19^9). 

If one choses the dial indicator system for reading the plimger position, the oxygen 
chamber needs a neck piece with a small collar of tygon tubing (Fig. ^^0-l An), to make an 
airtight fit. The neck piece was machined from a plexiglass rod and cemented to the upper 
edge of the manometer block, where the oxygen delivery chamber is to be located. After 
the cement had dried, the oxygen chamber (o) was drilled from the top of the neck piece to 
the bottom of the manometer block. The collar was made from tygon tubing 5/16 inch O.D., 
1/8 inch I.D. , which was rotated while heated gently over a flame ■until it became soft. 

It was taken out and pulled cautiously to a slight constriction. When the latter was out 
in the middle, it provided two sleeves, slightly conical. They were put on to a brass rod 
and maohinsd to get straight edges. 

If one choses the micrometer device (Fig. Uo-1 B), the upper part of the oxygen 
delivery chamber has to be modified to receive the micrometer barrel screw, which is of 
3/8 inch diameter and has threads to an inch. 

The upper 3/8 inch of the oxygen chamber was drilled with a drill 'Sl/Gk inch, and 
threaded with a bottom tap of same dimension as the barrel screw. The bottom of this 
receptable was made flat with a 2l/6!* inch drill ground flat, to support the fibre gasket, 
which here serves to give an airtight fit. The rest of the oxygen chamber was drilled 
with drill No. 10. using a larger oxygen delivery chamber the 1/8 inch plunger general- 
ly used, can be substituted by other plungers (for example, of 3/16 inch diameter) where 
the changes in gas volume are greater than ordinarily. 

The tapered Joints for the Warburg flasks and the compensating bottles are machined 
from plexiglass rods and drilled through in the lathe. They are cemented to the manometer 
block after all channels have been finished. 

h. For the delivery of oxygen plungers of stainless steel were found to be the best. 
Tests showed that the commercial rods do not oxidize, and that they are of uniform diam- 
eter. They were polished with fine emery cloth. We generally used rods of 1/8 inch diam- 
eter, which delivered about 200 pil. gas on 1 Inch's length. 

If applied for dial Indicator reading, a polished piece of 2 inch'a length was cut 
off and both ends machined. It was greaaed with Nevastane heavy X (Keystone Company, 
Philadelphia), or another suitable non-oxidizing grease, and put throu^ the neck piece 
with the tygon collar into 'the oxygen delivery chamber. It can be moved freely up and 
down. However, if left for more than one hour, it has a slight tendency to stick. 

For reading its position a dial indicator system (Soholander, 19lr9, Gllmont, I9W) 
can be used. The dial indicator (Ames Model 202 with one inch travel divided into 1000 
parts) was provided with a firmly attached plexiglass sleeve (Fig. 14-0-2 s), which haa a 
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bore to fit over the plunger. During meaaurementa it rests against the edge of the tygon 
collar of the neck piece. Hie spring tension wad removed from the feeler rod, and was 
substituted by a wire ring (r) for finger control. 



The simplified micrometer system (Fig. tO-1 B) has certain 
advantages over the dial Indicator. The screw motion of the 
plunger allows an easier adjustment of the manometer and a very 
accurate reading of the plunger position. The oxygen delivery 
chamber can be provided with plungers of varying diameter, where- 
by the range of the apparatus can be Increased. 

The dimensions and various parts of the micrometer device is 
shown in Fig. tO-J. 

All cylindrical parts were made from a plexiglass rod of 5 
inch diameter. The micrometer barrel (Fig. ^O-J B) is 1^ inch 
long. The upper and lower 5 Inch parts were machined down to 
5/8 inch diameter, the upper to receive the ring which carries 
the vertical macroscale of the micrometer (Fig. to-J A). The 
lower was provided with the barrel screw, which fastens the micro- 
meter to the oxygen chamber. The barrel has a channel for the 
plunger, the upper 3/8 inch of which Is screw threaded for the 
plunger screw. 

The plungers (F) were made from I /8 Inch stainless steel 
rods, cut off at a length of 5 inches and both ends machined. 

The lower I- 1/8 inch serves as a plunger, the rest is screw 
threaded with a screw die No. 5 with it-0 threads to an inch. 


FIG. W-2 .jljg macroscale (A) has a vertical indicator line and 40 

.1 , . . divisions to an inch. It was cemented to a ring ^ inch high, ^ 

with pl«laUsi".l«vr(>). 5/S which was made from a plexiglass rod of 

j inch diameter. Before the 5/8 
inch bore was drilled, a small segment was milled off, so 
that a rectangular plate of plexiglass could be cemented 
on, to give the macroscale a proper distance from the 
center (Fig. 40-3, top view of A) . * il 

The ndorometar screw head (D) was made from an aluml- loKWufs 

num rod of j inch diameter, screwed on to the upper part I I 

of the plunger screw and attached with a set screw (E). U — I f 

The scale of the aluminum screw head which divides I jin 

each screw revolution into 25 subunits, was engraved with i’ rS 
the aid of a dividing head and a milling machine. Also j 1 1 j |l rj-'- Il 

the macroscale was made with the milling machine. Iilii liill n I 


Each division* of the macroscale represents one total 
revolution of the screw. As the screw head divides each 


revolution into 25 , 4 divisions on the macroscale repre- 
sent" 100 of the smallest measuring xmlts, and should be 
marked correspondingly (Fig. 40-5 A). 

The micrometer reijulres a gasket (C) with a good 
fit around the plxmger. Diamond fibre material was 
found to be satisfactory. 


FIG. 40-3 

The eeperate parts of the 
alcroastar device. *, the necro- 
scale with rlnj attecheant (Plexl- 
glaei). B, el croaeter barrel 
(Pisxiglaea). Barret screw la 3/6 
of an Inch with 24 threads to an 


Inch. C, dIaMnd fibre gaakat. 

When the micrometer has been greased, assembled and ■Icroastar screw head (Aluainua). 
screwed on to the top of the oxygen delivery chamber let screw for the head. F, alcro- 

(Fig. 4o-l B), the macroscale must bo adjusted ty the aid aster screw with plunger (Stelnleee 
of the movable ring, so that it faces the operator, and steel). The screw is Bo. 5 with 40 

so that the division lines correspond exactly to the threede to an Inch. 
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lower edge of the micrometer screw head, when the scale of the latter Is in position 0 to 
the vertical indicator line. 

The macroscales and the screw heads are removahle. They can he put on to other units 
of barrels and plungers, when other dimensions are wanted, as long as a screw dimension 
with ho threads to an inch is maintained. We make plungers of diameter 5/32 and 5 /i 6 of 
an inch, and force fit them to the micrometer screw 5 - ^ 0 . They will deliver 113 >11. and 
h 59 _)il. respectively per 1 inch displacement, divided Into 1000 subunits. 

At present miorometera are being prepared with 32 threads per inch, so that the com- 
mercial plastic rulers can he used for the macroscale, and also for the microscale on the 
screw heads, by making the latter of plexiglass and cementing a strip of a plastic milli- 
meter scale around its circumference. The atrip is heated till it is soft and formed l.ito 
a circle around a warm metal rod, then cemented to the plexiglass screw head, which has 
been machined down to receive 25 mm. of the scale, or 50, or 100, depending upon how many 
subunits one wants for one revolution of the screw (Unpublished). 

5 . The mounting and shaking device la shown in Fig. kO-U. It was made of a white 
painted aluminum strip (a) of the same width as the manometer block, l/8 inch thick and as 
long as the water hath would allow. 

It has a screw and a stud for 
each manometer block, which fit in- 
to the two holes in the middle of 
the block (Fig. kO- 1 ). 


A look nut ( Fig. kO-k b) can 
fasten the block steadily to the 
screw. A double suspension hook 
(o) was screwed on to each end of 
the mounting strip. This allows 
the manometer block to be sus- 
pended at two different depths 
with the manometer openings above 
(Fig. ko-k A) and below (B) the 
water surface. 


The shaking rod (d) was made 
of j inch square aluminum and 
suspended across the edges of the 
water bath, where it rides on a 
rig (e) with roller hearings (g). 

It is driven by a crank (f) and 
the amplitude and rata of shaking 
are of the same order as with the 
conventional Warburg apparatus. 

CALIBBATION 

The apparatus is calibrated by measuring the diameter of the plungers by means of a 
conventional micrometer caliper (e.g. from L. S. Starrett Company, Athol, Massachusetts). 

The commercial stainless steel rods were perfectly uniform in diameter. 

For extreme accuracy the rods should be measured at the temperature of the experi- 
ments, or the thermal expansion should he calculated. (The thermal expansion coefficient 
of stainless steel rods "l8-8 type 503 " is I7.I8 x 10‘6 per degree Centigrade.) 

The feed of the micrometer screw can be tested against a regular micrometer head 
( L. 3 . Starrett Company). 

Plexiglass micrometers with no detectable slack of the screw showed that the feed can 
he made true within l/lOOO of an inch. 


A 



FI 6. 40-11 

A, ilde vlw of Bountlng device end shaking rod with one 
reepirouter attached. Suspended In the upper position with 
wenoneter bores above water aurface. B, right end of the sejee 
without rsepiroaetar. Suspended in the deepest position. 
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If the acrew threaded channel In the plexiglass barrel should be worn, it is easy to 
make a new barrel. There has been no sign of wear in any of our micrometers; however^ 
they have only been in use for about 5 ncntha. 

The barrel can be made from stainless steel or monel metal, which will make it more 
resistant to wear, but heavier. 


OPERATION 

The operation will be described as used for the determination of the oxygen consump- 
tion of respiring material in a medium such as Krebs-Rlnger' s phosphate solution. The 
^carbon dioxide produced la absorbed in alkali. 

After the plunger, or the micrometer device with its gasket thoroughly greased, have 
been attached to the oxygen delivery chamber, the apparatus is fastened to the mounting 
device. 

The grease Is also applied to the tapered Joints, and the compensating vessels, con- 
taining a few drops of water, are attached. 

VI th a long syringe needle (gauge A) the manometers are filled with the manometer 
JT-Uid, water with a little detergent, e.g. liquid potassium soap and some dye, such as 
“Evans blue, up to the level line. The tissue or other respiring material la placed In the 
Warburg flasks, which contain the medium, and in the centar well about 0.2 ml. of 3$ KOH 
plus filter paper. 

The flasks are pht on to the tapered Joints without too much pressure. They can be 
secured with a rubber sling. However, when the experiment is carried out above room tem- 
perature, the thermal expansion of the plexiglass Joints (which is a little greater than 
that of glass), gives a good and solid fit. Thus the compensating vessels will stick to 
their Joints without extra securing devices. 

If one wants to run the apparatus using pure oxygen as the gas phase, the oxygen 
delivery chamber and flask are flushed with oxygen passed into the sidearm of the flask. 

After the sidearm has been closed, the mounting strip with the respirometers attached 
is fastened to the shaking rod in the upper position (Fig. 40-l A) with both manometer 
openings above the water level. It should he shaken 10-15 minutes for equilibration. 

Then the manometer openings are closed with the greased plugs. The mounting strip is 
moved down to the deepest position, so that all gas volumes are under water. 

The initial position of the plungers is read, either by using the dial indicator, or 
with the micrometer device. 

At regular intervals the manometers are brought back to balance and readings are made. 
The difference between consecutive readings is the oxygen consumption for that interval, 
unoorrected for standard temperature and pressure. 

I have found it advisable to write the reading of the macroscale and the microscale 
separately with a dash between them, for example: 175/12. 

CALCULATION 

To Illustrate the calculation procedure, I have selected a 1 hour run with rat brain 
cortex slices In Krebs-Rlnger' s phosphate solution; readings every 15 minutes. Tempera- 
ture: 57.5° Centigrade. Barometric pressure at start: 765 mm, Bg. 

In the center well about 0.2 ml. Jf’ KOH plus filter paper. 1 ml. of the medium. 

24 mg. rat brain cortex slices were suspended In the medium, using the moist cold box 
technique (Field, I948). The flasks were flushed with lOO^t oxygen through the sidearms. 
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Time 

Readings in 
micrometer 
units 

Difference, 

micrometer 

units 

IqOO 

175/12 


I0I5 

275/ 2 

90 

io50 

350/18 

91 

lo'+5 

450/ 4 

86 

11°0 

525/15 

86 


Total difference In 1 hour 553 mlorometer units 


Mlorometer plunger oalihrated at 37*5° Centigrade: 0.127 inch diameter. Volume of 
1 inch of the plunger (1000 mloronieter unite) at 57.5° C. : 0.2075 ml-! 1 miorometar unit; 

0.2075 ;il- 

Volume of orygen oonaumed In 1 hour : 0.2075 x 353 - 73.25 ul . at 37-5)^ Centigrade 
and 765 mm. Eg. (Use the harometric pressure at the start of the experiment. Whan clos- 
ing the respirometera with the tapered plxigs, the Inside pressure is slightly increased; 
as this amounts only to a fraction of a mm. of Hg. , it can he disregarded.) 

Corrected for standard temperature and pressure: 6h.8l 0^ per mg. wet weight. 

Using vet weight/ dry weight ratio (5.15) this gives: 

= 13.91 /lL. per ng. dry weight per hour. 


*»***♦**#* 


In an extensive series of measurements of oxygen uptake by siloes of rat brain cortex, 
the apparatus described here has been compared with the conventional Warburg apparatus 
(Pelss and Wennesland, 19l9)- 

Six aliquots, each about 25 mg. wet weight of rat brain cortex slices were prepared 
from the brains of each of 8 adult albino rats. Oxygen uptake was measured on 3 aliquots 
by the Warburg method and the other 3 by the present technique. Thus 18 Warburg runs were 
made and l7 volumetric (one sample lost). The liquid phase was Krebs -Ringer ' s phosphate 
containing 0.011 M glucose and 0.01 M bicarbonate. Gas phase oxygen. Temperature 37.5 
r 0.01° Centigrade. Initial pH: 7-^, final pH: 7 .h - 7.5. 

The mean Qo^'a were 14.12 and l4.08 respectively. The corresponding standard errors 
were + O.169 and + 0.I7I. Statistical analysis showed that the two series did not differ 
significantly either in respect to the means (Student's "t" test) or to the variability 
(Fisher's "F" test). fl. WennetUnd 
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Chapter IX 


“THUNBERG TECHNIQUES” FOR ESTIMATION 
OF DEHYDROGENASE ACTIVITY 

It is recognized that the uptake of oxygen and the liberation of CO2 are In reality 
only the end reactions of a relatively long aeries of oxidation-reduction reactions. Fre- 
quently it Is desirable to study these Intermediate reactions by means of the "methylene 
blue" or "Thunberg technique," which is here described. 


THE THUNBERG METHOD 


In this method tubes as shown In Fig. hi are employed. These are provided with a 
aldearm cap arranged to hold materials to be added bo the main tube after evacuation. Air 
is withdrawn through the evacuation outlet when the sidearm cap Is turned so that a hole 

drilled In Its standard taper inner joint coincides 
with the evacuation outlet. The tube may be closed off 
after evacuation by turning the aldearm. 

Distribution and concentrations of reacting com- 
ponents may vary with the application of the method, 
but the following directions conatitute average condi- 
tions employed In measurements of methylene blue reduc- 
tion. 

Place 1 ml. l/l0,000 (0.000267 M) methylene blue, 

2 ml. M/50 substrate and 2 ml, M/15 phosphate buffer 
(pH 7.0) in the tube and 1 ml, of bacterial suspension 
or tissue suspension In the sidearm cap. Put 2 lines 
of anhydrous lanolin or other grease on the ground 
joint of the cap at 90° from the hole In the ground 
joint. Connect the cap and tube with the hole in the 
cap coinciding with the evacuation outlet on the tuba 
joint. Press the cap firmly In place so the grease 
from the two lines flows over the entire joint; do not 
rotate the joint more than a few degrees. By setting 
the joint in this manner air la not trapped in the 
grease. Attach the side outlet of the tuba to a good 
water aspirator or a vacuum oil pump, and evacuate for 
5 minutes, tapping the tube to release dissolved gas; 
keep the tube inclined at a low angle to minimize 
"bumping". A water aspirator Is entirely satisfactory 
for evacuating Thunberg tubes. When evacuation is com- 
plete, rotate the cap slowly through an angle of 180°, 
and then oscillate it through a small arc to set the 
cap. Put the tube in a constant temperature water bath, 
and after allowing 10 minutes to reach temperature equi- 
librium. Invert the tube to mix the contents, and follow the methylene blue reduction 
visually or photometrically. For visual measurement a tube is Included which contains all 
the components of the system being studied (the active tissue is poisoned or heat inacti- 
vated) but with the methyl^e blue at l/lO normal concentration. This tube represents 90^ 
reduction of the methylene \lue, and when the other tubes match the color Intensity of 
this tube the time Is recorded as the end point. 



FI8. HI 

Thunberg tube suitable for use 
In a colorimeter. 


The reliability of the results obtained by the Thunberg method depends in part upon 
the efficiency with which oxygen is removed. Obviously, since leuco-methylene blue is 
converted into the blue form by oxygen, it will be impossible to measure the real reduc- 
tion time if some of the dye Is being reoxldlzed by oxygen during the process. It has 
been found in practice that adequate removal of oxygen is obtained with evacuation ly means 
of an ordinary laboratory water-pump provided the evacuation la continued for at least 
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three minutes and the tube la tapped vigorously during the evacuation. Fig. b 2 from Tam 
(1959), indloatea that methylene blue reduction occurs at approximately the same rate vfith 
a three minute evacuation as with evacuation plus an Ng flush followed by a final evacua- 
tion. As Thunberg tubes must hold a vacuum against a full atmosphere of pressure, It Is 
essential that the Joints be carefully ground and that they be reasonably long. The 
and the I9/38 standard taper joints are satisfactory. 




Ml. M/2Q000 Me^^^Jene Blue in 10 ml. 


FIQ. H2 


FI6. 43 


Effect of evacuation procedure on ■ethylene Abeorption of light of different wave 

blue reduction by Rhlaoblua trifol 1 1 209 on a lengtha by nethylene blue, 

glucoae aubatrate. 


PHOTOMETRIC ESTIMATION OF METHYLENE BLUE REDUCTION 

Methylene blue reductjon Is not a strictly linear function and much more Information 
on the kinetics of the reaction can be obtained If the reduction Is followed photometrical- 
ly rather than visually. Tam and Wilson (.I9IH) have described such a method using the 
Evelyn photometer; the tube shown in Fig. 4 l is of proper dimensions for this application 
(such tubes are stocked by the A. H. Thomas Company). With the Evelyn photometer, Tam and 
Wilson ( 191 - 1 ) added concentrations of methylene blue, substrate, buffer and tissue suspen- 
sion as described In the preceding section. The 66O n^a wave band was used. Fig. l 5 shows 
the 'light absorption of methylene blue at various wave lengtha as determined with the 
Colenan Universal spectrophotometer; maximum absorption Is at 660 Jijp and the abeorption Is 
a reasonably linear function of methylene blue concentration at this wave length. 

To follow methylene blue reduction photometrically a series of tubes are' brought to 
temperature equilibrium, their contents mixed at 15 or JO second Intervals, the tubes 
wiped diy and Initial readings taken Immediately after each tube is mixed. The tube is 
returned to the bath and read every J minutes, thus with 15 second Intervals 12 tubes can 
be read every 3 minutes. Suspension concentrations are adjusted so reduction time is from 
15 to 50 minutes giving 5 to 10 readings to plot. It is unnecessary to follow the tubes 
to complete reduction. Upon finishing the experiment a few crystals of sodium hydrostd- 
flte are added to each tube to completely reduce the methylene blue, and the tubes are 
then read on the photometer, (Io)> The concentration of methylene blue at any time is 
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proportional to log (Iq/I), where I la the galvanometer reading at any particular time and 
Iq Is the reading after complete reduction. If reduction Is linear with time a plot of 
log (lo/l) against time will yield a straight line. Tam and Wilson (1941) found that with 
moat substrates the reduction was logarithmic rather than linear with respect to time 
hence It was necessary to plot log of methylene blue concentration, l.e., log log (Iq/i) 
against time. The following data from Tam and Wilson (1941), (Table XX) graphed In Fig. 44 
will serve to Illustrate the manner In which readings are plotted. ’ 


TABLE XX 

Effect of pH on Rate of Methylene Blue Reduction 
by Rhizoblua trifolll . Sodlua Succinate Subatrate. 


pH 

i"6 (io-^l) 

2 + Log Log (Iq/I) 

Slope 
of line 
from 

Fig. 44a 

0 min. 


6 

9 

12 

0 min. 

5 

6 

9 

12 

4.4o 

.542 

.549 

.549 

.538 

.523 

1.734 

1.759 

1.739 

1.731 

1.719 

.0012 

5.25 

.569 

.525 

.482 

.455 

.417 

1.755 

1.719 

1.685 

1.656 

1.620 

.0112 

6.15 

.594 

.525 

.459 

.409 

.369 

1.774 

1.719 

1.662 

1.612 

1.567 

.0172 

6.50 

.545 

.469 

.385 

.326 

.272 

1.736 

1.671 

1.585 

1.516 

1.455 

.0251 

6.95 

.561 


.367 

.310 

.254 

1.749 

1.659 

1.565 

1.491 

1.405 

.0267 

7.20 

.569 

.438 

.549 

.282 

.213 

1.755 

1.641 

1.544 

1.450 

1.326 

.0356 

7.4? 

.602 

.435 

.305 

.231 

.166 

i.780 

1.658 

1.484 

1.364 

1.220 

,0467 

7.83 

.594 

.429 

.301 

.197 

.1^ 

1.774 

1.652 

1.479 

1.294 

1.107 

.0556 

8.20 

.602 

.444 

.301 

.186 

.122 

1.780 

1.647 

1.479 

1.269 


.0578 

8.88 

.594 

.469 


.235 

.158 

1.774 

1.671 

1.534 

1.371 

1.199 




2*L«) 

MB Cane. 

SODIUM 5UCCINATD 


e 

B.TIllMUl 209 

-pH- 



W5 
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hi 


V^TJO 
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as 
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3 

6 9 

1 1 

11 
■ 
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Methylene blue reduction by Rh I zobi u» tri fol 1 1 209 aa effected by pH. 
Sodiu* auccinate aubatrate. 
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In the experiment for which data are recorded in Table XX, galTanometer readinga ( I) 
were taken at 0, J, 6, 9, ami 12 minutes; end point galvanometer readings (Iq) for each 
tuba were taken after the addition of sodium hydrosulfite. The values for log (Iq/i) are 
recorded in the table. The logs of these values were then taken. To each number, 2 was 
added to avoid plotting on a negative scale; this addition does not alter the slopes of 
the lines, h? plotting time against 2 -e log log (Iq/I) the strai^t lines of Fig. hha 
are obtained; their slopes .can be determined from the graph. In Fig. khb the slopes 
( rates of methylene blue reduction) are plotted against pH to give a pH-actlvlty curve for 
methylene blue reduction by Rhizobiiun trlfolil 209 on a succinate substrate. 

It is of Intereet to point out the wide variety of studies which can be made with a 
technique of this sort. Tam and Wilson (19hl), for example, determined pH optima of 
sev,eral substrates, the temperature relationships which permitted the calculation of energy 
of activation, the comparative dehydrogenation of a wide variety of substrates, and the 
effect of a variety of inhibitors. 


SIMPLIFIED METHODS 

When it is necessary to make many simultaneous estimations of methylene blue reduc- 
tion time, the number of Thunberg tubes available may restrict the observations. If 
limited accuracy will suffice, a simplified technique using ordinary teat tubes without 
evacuation may be employed. Such a procedure has been described by Friedeman and Hollander 
(19^2). The following is the modification sometimes used in our laboratory on bacterial 
suspensions : 

To an ordinary test tube add 0.5 ml. of substrate and 0.5 ml. of l/bOOO methylene 
blue. Add 2 ml. of agar, in 0.5)t K2HPClj adjusted to pH 7-0, which has been melted and 
cooled to 1;5° C. Add 1 ml. of the cell suspension, mix, and chill in an ice bath ruitil 
solidified (1 to 2 minutes). Place tubes in a water bath at 57° to h0° C. and determine 
the time required for reduction. A blue zone (2 to 5 mm.) at the top of the tube results 
from the diffusion of oxygen from the air and offers a sharp contrast to the reduced por- 
tion below. 


OTHER RELATIONSHIPS 

Methods for measuring methylene blue reduction other than those described but employ- 
ing electric photometers have been described especially by Ganapathy and Sastri (1958) and 
by Jongbloed (1958). Methylene blue and other dyes sometimes exert a toxic effect on the 
tissues; Quastel and Wheatley (1951), Yudkln (1955), and Tam and Wilson (19*+1) report that 
free phosphates protect against this effect, hence the usual methods employ buffers high 
in phosphate. As la true of many other cases the method of growing and treating the tis- 
sue to be studied may have a marked Influence on the rates of dehydrogenation obtained; an 
example is shown by the work of Wood and Gunsalua (19^2). 

At times methylene blue (or other dye system of proper potential) may be used to "by 
pass" a normal system in the cell; for example. Its use in restoring the respiration of 
red blood cells pofsoned with cyanide (Barron and Harrop, 1926) has become classic. In 
some reconstructed enzyme systems methylene blue may be used as an actual carrier of the 
hydrogen. 

ly establishing anaerobic conditions with an atmosphere of hydrogen in Warburg ves- 
sels Wilson, Lee and Wilson (19^2) and Wilson, Burris and Coffee (19*t-5) followed hydrogen 
uptake by hydrogenase preparations when methylene blue was supplied as hydrogen acceptor. 
It was necessary to use high concentrations of methylene blue, as the reduction of 1 ml. 
of a m/i ,000 solution requires only 22.4 yX. of hydrogen. 


R. B. Burri$ 



“THUNBERG TECHNIQUES' 


109 


ff 


REFERENCES 

Barron, E. S. G. and Harrop, G. A. (1926) J. Biol. Chem. , 12=^5. 

Friedemanii, U. and Hollander, A. (19^2) J. Lap. Clin. Med., 26 0^5 . 

Ganapathy, C. V. and Saatrl, B. K. (1938) Current Scl., 6:331. 

Jongtloed, J. (1958) Zelt. Biol., 28:^97. 

Quaatel, J. H. and Wheatley, A. H. M. (1931) Blochem. J., ^;629. 

Tam, H. K. (1939) The dehydrogenase systema of the root nodule Bacteria. PhD. thaela. 
University of Wisconsin, Madison, 

Tam, R. K. and Wilson, P. W. (19^1) J. Bact, , 41:929* 

Wilson, J. B., Lee, S. B. , and Wilson, P. W. (19^2) J- Biol. Chem., ]M:265* 

Wilson, P. W., Burris, E. H., and Coffee, W. B. (19113) J- Biol. Chem., Ilil:li75, 

Wood, A. J. and Gunsalua, I. C. (I9li2) J Bact., Wi:333- 
Yudkln, J. (1933) Blochem. J., 21;l81i9. 



Chapter X 

METHODS FOR PREPARATION AND STUDY OF TISSUES 


INTRODUCTION 

The inanometrlc methods described are accurate and capable of measuring certain reac- 
tions with speed and precision. When applied to living tissues or preparations therefrom 
they will establish the rate and the course of many Important processes. Since these reac- 
tions are carried out by enzymes and are influenced by an array of physical and physiologi- 
cal conditions, the material employed in the manometrlc estimations must contain the com- 
ponents of the reaction to be studied. 

That some of the multitude of Interrelated chemical reactions which occur 1^ vivo 
could he obtained jji vitro has permitted the advances which have occurred in our knowledge 
of respiration and metabolism. A problem which faces every Investigator is the development 
and study of the means by which reactions occurring in intact tissues may be separated and 
studied. The techniques applicable to one type of tissue are not necessarily suitable for 
another. It is, in fact, the knowledge of the phyeiology of the tissue beii« studied which 
permits the selection of a technique of preparation which will be suitable for the tissue 
employed and the reaction or process one wishes to measure. We wish to emphasize that the 
techniques described below are not mutually exclusive nor are they all equally applicable. 
The question of which method to apply (if any) of the techniques listed is the responsibil- 
ity of the individual investigator Just as is the responsibility for the interpretation of 
the results. The techniques described below are useful but modifications of these or even 
the development of entirely new ones may be necessary to approach specific problems. 

The subjects considered In this Chapter are divided into three sections dealing with 
Animal, Plant and Microbial Tissues. 


METHODS OF PREPARING ANIMAL TISSUES 

TISSUE SLICE TECHNIQUE - INTRODUCTION 


The tissue slice technique was developed In most of its details by Warburg and his 
co-workers in their studies of tumor metabolism (Warburg, 1926). By the use of tissue 
slices, the more complicated and uncontrollable aspects of whole organ or Organism metabol- 
ism are minimized on the one hand, and the less certain effects of mincing, homogenizing 
or extracting are excluded on the other hand. In a word, the tissue slice is thought to 
represent organized surviving tissue, the metabolism of which qualitatively, if not quan- 
titatively, reflects that of the original tissue. Further, the tissue slice technique 
allows for controlled variations in the suspending medium in addition to chemical analysis 
of the latter for changes in metabolite content. It should he pointed out that most inves- 
tigators assume that simple substrates are freely diffusible into slices. That this may 
not be true in all Instances, Is seen in the case of liver slices which have a limited 
permeability for sodium glutamate (Cohen and Hayano, 1946). A critical analysis of the 
tissue slice method in manometrlc experiments has bean published by Laser (1942). 

PREPARATION OF SLICES OF ANIMAL TISSUES 

It Is usually possible with practice to slice moat animal organa free hand with 
either a straight edge or a safety razor. However, where the size of the organ Is very 
small, as for example a small tumor nodule, a mcaise kidney, etc., or where the organ lacks 
consistency, such as brain, the free hand method of slicing even by the expert leaves much 
to be desired. A simple and most effective Improvement In the technique of tissue slicing 
applicable to all organs and tissues is that Introduced by Deutsch (1956). The principle 
of this technique is as follows: 
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Ills piece of tiasue to te sliced la held firmly between two pieces of frosted glass 
and the tissue sliced by means of a razor blade, the latter being guided by the top frosted 
glass. In practice It Is soon appreciated that the pressure necessary to keep the tissue 
fixed while slicing varies from tissue to tissue, and further that the thickness of the 
slice can be estimated by Its tranalucency through the frosted glass. 

In the writer's hands the method of Deutsch has proved to be applicable to a wide 
variety of tissues. The following equipment and procedure has proved moat satisfactory. 

Equipment : 

1) A piece of frosted glass, approximately 5 cm. square, mounted by means of paraffin 
on a heavy base, 5“6 cm. in height (an Inverted cold cream Jar has been found very 
satisfactory) . 

2) Frosted microscope slides; these are readily prepared from ordinary glass alidss 
by rubbing with emery powder. 

3) Ifezor blades. The three-holed variety broken in half lengthwise are satisfactory. 

1) Eazor blade holder. This is conveniently made from a piece of brass approximately 

10 X 8 X 2 ram. with a hole drilled through one end holding a brass bolt and nut. 
The nut should have a diameter of about 8 mm. so as to provide a good purchase on 
the razor blade. The broken blade is placed so that the bolt fits Into one of the 
end holes. The blade Is fixed by tightening the bolt with a screw-driver. 

Procedure : 

The procedure will vary somewhat from tissue to tissue. However, In general one 
proceeds as follows: 

A piece of hard filter paper, approximately 2 cm. square. Is placed over one comer 
of the frosted glass and moistened with saline. The piece of tissue to be siloed (usually 
about 1 cm. in diameter) Is placed on the filter paper. The frosted slide is then dipped 
In saline and applied to the top of the piece of tissue with gentle pressure and held In 
place with one hand. The razor blade Is then mositened with saline and by means of the 
holder the blade la closely applied to the xmder surface of the frosted microscope slide. 
With experience It will be found possible to adjust the pressure on the tissue with the 
one hand and effectively slice with tbe other. The thickness and uniformity of the slice 
can be readily appreciated by the appearance of the slice through the microscope slide (^y 
cutting across the comer of the frosted-glass base the operator's hand, and the razor 
blade and holder, will he free of obstruc- 
tion). The slice Is then transferred to a 
petrl dish containing a suitable saline 
mixture. The slices should be handled by 
means of a pair of fine but blunt-ended 
forceps. 'When transferring the slices to 
the Warburg flasks, the slices are gently 
dried by touching with a piece of hard 
filter paper. 

The use of specially designed devices 
for cutting tissue slices has occupied the 
attention of many investigators In this 
field. Very few of these devices have 
proved to be practical. However, the 
Stadle-Rlggs microtome has had an enthusi- 
astic reception by some workers (Fig. ^5)- 
Details of construction and application 
are given in the paper by these Investiga- 
tors (Stadie and Elggs, 19k4). The micro- 
tome and blades are obtainable from the 
Arthur H. Thomas Company, Philadelphia. 

An excellent review and discussion of the 
preparation of tissue slices has recently 
been published by Field (1948). 



Fie. qs 

Sttdlt-Xlggt tiMue illcer. 
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ESTIMATION OF THE THICKNESS OF TISSUE SLICES 

Since the rate of diffusion of gases and metabolites will be determined in part by 
the thickness of the tissue siloes. It Is essential that they be of uniform thickness with- 
in certain limits. These limits are determined by the diffusion constants of the reacting 
substances, the rate of metabolism of the tissue in question, etc. As derived by Warburg 
(1930), the limiting thickness in cm., d', for O2 consumption of slices of a given tissue 
can be calculated from the equation 

d ' = -^|8 Co I 

where D = the diffusion constant for O2 in ml. (N.T.P. ). According to Krogh, the 
rate of diffusion of O2 at 53° through a tissue of 1 cm.” cross section 
la l.h X 10"5 ml. per min. 

A = the rate of respiration ( ”d- O2 uptake ) 

ml. tissue x min. 

Cq = the O2 concentration outside the slice (in atmospheres). 

Taking 5 x 10"® as the value for A for liver slices, 1.^ x 10"5 for D, and 1.0 and 
0.2 for Cq for pure Op and air respectively, d' is oalciaated to be ii.7 x 10" 2 cm. for 
pure Og and 2.1 x 10"^ cm. for air. In other words, if the gas phase is air, liver slices 
no thicker than 0.2 mm. can he used. Slices of this thickness are not only difficult to 
prepare but also are very fragile and consequently very difficult to work with. On the 
other hand, slices 0.3 in thickness can be cut with little difficulty and can be 
handled and shaken without danger of damage. However, even with slices of this thickness 
the gas phase must be pure 02< Under these conditions the O2 tension at the center of the 
slice will be about 0.6 atmospheres. Similar calculations have been carried out for CO2 
by Warburg (1930). 

In practice it Is quite easy to estimate the thickness of a given slice by its trans- 
lucenoy and by the manner in which it curls up on itself when held up by a pair of fine 
forceps. However, in order to establish the correct thickness in terms of the above 
visual criteria it is best to measure a few selected slices of the different tissues. This 
is nest readily done by placing the slices in a petri dish of Bingen’s solution under which 
is placed a piece of squared millimeter paper. The slices are trimmed to a rectangular 
shape and their areas measured hy counting the squares covered. The volumes of the indi- 
vidual slices are then calculated from their wet weight. The thickness of a given slice 
la then obtained by dividing the volume by the surface area. 

TEMPERATURE OF TISSUE AND MEDIUM 


In the author's experience it has been found desirable, and In some instances essen- 
tial, to keep the tissue and medium at low temperatures while the slices are being cut. 
This is readily accomplished hy keeping the petri dish containing saline and slices on 
cracked ice, and by filling the cold cream Jar with cracked ice and placing it in a petri 
dish. The latter insures the tissue being kept cold while it is being sliced. The medium 
to he used for suspending the slices is cooled by storage in the refrigerator up to the 
time of use. The organs or tissues when removed from the animal are placed on cracked ice 
directly to chill rapidly and are then placed in small beakers which are surrounded hy 
cracked ice. 


DRY WEIGHT OF TISSUE SLICES 

Metabolic quotients are usually expressed In terms of mg. dry weight of tissues. As 
pointed out in Chapter I, this procedure may give rise to erroneous comparisons of metabol- 
ic rates of different tissues. Since the metabolic activity is associated more directly 
with the nitrogen (protein) content of a given tissue, it would seem desirable to Include 
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nitrogen determination when comparing tlsauea. Experiments In which tissues from an ani- 
mal on one diet are compared with those from an animal on another diet may show differences 
which are more apparent than real on the basis of dry weight. This Is particularly true 
in the case of liver the composition of which is so markedly Influenced by diet. Thus It 
Is poasihle to demonstrate an apparent Increase in the content of certain enzymes of liver 
by merely starving the animal. This can be shown to be due In part to the decrease in 
glycogen with a oonseiiuent Increase In protein (enzyme) concentration. This precaution of 
evaluating metabolic quotientSj such as Qo 2 > basis of dry weight In comparative 

experiments cannot be overemphasized. 

Tissue slice diy weights may be obtained In one of two ways; 

1. Weighing moist slices on a small torsion balance and then taking a sample to 
dryness to determine the wet weight/ dry weight ratio. 

2. Determining dry weights of the tissues In each flask at the end of the in- 
cubation without regard to wet weight. 

With good slicing technique and care in handling the slices, reliable and consistent 
results are obtained with either method. The chief objection to the first method la that 
it Is difficult to Insure a uniform H 2 O and saline content when transferring the slices 
from the saline to the balance. The question as to whether the one or the other method 
gives more nearly correct values la not possible to answer. With the first technique it 
Is assumed that the added weight of tissue is maintained and Is metabolically active 
throughout the experimental period. This is certainly not true for all tissues. In the 
second method, the tissue removed from the experimental flask does not include, usually 
the fragments broken off during the course of shaking. It is assumed in this instance 
that these fragments are not contributing to the metabolism of the system. Whether or not 
this is actually the case it Is not possible to say. However, it may in part explain why 
the Qog values obtained with the second method tend to be somewhat higher than those ob- 
tained with the first. 

For the purpose of determining dry weights of tissue slices, It is convenient to use 
containers of small weight to allow accurate weighing of a few milligrams. The author 
uses small flat bottomed vials measuring approximately 10 mm. in length and 8 mm. in diame- 
ter, and which weigh between 300-500 o^s. These vials are numbered and their weights 
recorded. Vials of this size are satisfactory for dry weights of 10-20 mgs.; larger vials 
are used where the quantity of tissue exceeds this amount. Small watch glasses, crucibles, 
etc., can also be used. The slices should be dried for about 2 hours at a temperature of 

105 - 110 ° C. 


MINCING OF ANIMAL TISSUES 

The purpose in mincing tissues for metabolic study is to reduce them, to particles of 
such size as to permit adequate perfusion In and out of the suspending medium, and also to 
provide a uniform tissue suspension of relatively high concentration. In comparison with 
the tissue slice, the mince particles contain a high per cent of damaged cells. The chief 
use of the tissue mince In recent times .has been In the study of muscle metabolism, and in 
partlcu.lar, pigeon breast muscle. Several mechanical devices for reducing tissues to a 
uniform mince have been described and successfully employed in metabolism experiments. A 
few of these will be discussed. 

The feature of the Lataple Mincer (Fig. 46) instrument Is that It Is possible to con- 
trol not only the rate of turning of the cutting discs but also the rate at which the 
tissue is forced against these discs. It Is thus posaible to obtain minces of different 
degrees of fineness, by varying the rates of turning of the two cranks, (see Fig. 46). In 
most metabolic experiments It is desirable to have a mince which can be pipetted after it 
Is suspended in the proper medium. This permits more rapid manipulation and uniformity of 
tissue content from flask to flask. On the other hand, too fine a mince Is usually avoided 
In order to maintain some degree of integrity of the cells making up the particles. An 
additional feature of the Lataple is that sterile conditions may be maintained if desired. 
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The popular Latapla Mincer (ohtalnahle from Arthur H. Thomas Company, Philadelphia) 
is intended for use with relatively large amounts of tissue, that is, of the order of 25 
grams or more. It is thus particularly suitable for a tissue like pigeon heart muscle. 



FIS. 46 

The Latspie tissue nlnclng still. The naterial 
to be ground is fed into opening "a” and is graduai 
\l forced against the cutting discs at ”b' by turn- 
ing wheel 'c'. The siaterial is ground by turning 
the crank 'd’; the reiiainder of the apparatus is 
designed to supply fluid if necessary front 'e*. 


However, where small animal tissues are to be employed the Instrument is too large. A 
smaller model is available for this purpose (Arthur H. Thomas Company, Philadelphia, 
Pennsylvania) , 

Seevers and Shi deman Mincers : 

Other types of small mincing apparatus have also teen used. A new type of micro- 
mincer has been reported by Seevers and Shideman (1941) which appears to be ideally suited 
for use with small amounts of tissue since it is adaptable to varying quantities of ma- 
terial. Thus the authors report that amounts of tissue from 0.25 to 30 grams can be con- 
veniently minced. The yield of mince from 250 milligrams of tissue is reported as 200 
milligrams. In common with the Lataple Mincer principle, the tissue cannot be forced 
through without being out since the cutting blades are synchronized to turn as the plunger 
advances. This feature guarantees a uniform particle size of tissue. A comparison of the 
respiration of homogenized liver and liver minced by this apparatus has been reported by 
Potter ( 1941 ). 

Waring Blendor : 


Where relatively large amounts of tissue are available and a fine mince, of the con- 
sistency of a homogenate, is desired, the Waring Blendor is recommended. 



Fit. 47 


The Hiring llmdsr with virioui contilnari. 
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This device has had InoreaBing use In the preparation of homogenates. At present it 
la poesihle to obtain a variety of contalnera varying in content from 25 ml. to 500 ml. 

(See Kg. 47). Further, atainlesa steel and aluminum containers which can he sterilized 
or the contents of which can be handled aaeptlcally are now available. 

SPECIAL TISSUE PREPARATIONS 

Muscle : 

Skeletal muscle does not yield satisfactory tissue slices chiefly for the reason that 
the muscle cells are relatively large. As a result, slices have a large percentage of 
damaged cells per slice. Two preparations of skeletal muscle which have been used success- 
fully are fiber bundles described by Richardson, et al. (I 93 O), and young rat diaphragm. 

The former has been prepared particularly from dog muscle by careful dissection, and the 
technique was found to yield a uniform preparation of Intact fibers. Eat diaphragm is a 
very convenient muscle preparation since it involves a minimum of preparation. The rata 
should preferably weigh in the neighborhood of 100 grams. In this weight range, the 
diaphragm will have a thickness of about 0.5 mm. 

Smooth muscle preparations have the disadvantage of contracting to thick pieces of 
tissue and consequently may not be suitable because of dlffixslon difficulties. A conveni- 
ent and little used source of smooth muscle for slicing is bird gizzard. The author has 
found pigeon gizzard very suitable for slicing since it yields very thin slices which do 
not contract appreciably. It is further convenient in that a single gizzard will yield 
enough slices for the most elaborate metabolic experiment. Other convenient smooth muscle 
sources are: 

1. The inner circular layer of the small intestine, which may be dissected free 
from mucosa and outer layers, and 

2. The medial layer of middle-sized arteries from larger animals. The advantage 
of the latter source of mammalian smooth muscle over that of many others is 
that one may obtain relatively pure preparations of convenient thickness and 
amount. 

Testis : 

The preparation of testis suitable for metabolic experiments is best accomplished by 
"teasing out" the tissue. The outer capsule is cut with a scissors and the testicular 
tissue is expressed into saline by manual pressure. The seminiferous tubules are then 
teased apart by combing the tissue with two pairs of blunt end, curved forceps. This 
technique insures practically Intact tubules. 

Eetlna : 

This structure can be used directly in metabolic experiments by merely stripping the 
sectioned eye ball. Sheep and pig retinae are particularly useful since they represent 
easily obtainable material. Eat retinae may be used but, of course, a large number of 
eyes are required to yield a sufficient amount of tissue. Extreme care must be exercised 
in handling this delicate tissue particiilarly if anaerobic experiments are to be performed. 
In the absence of substrate retina may lose a large share of its metabolic activity if 
kept anaerobic for as little as 2-3 minutes. 

P. P. Cohen 


WASHED RESIDUE 

The finding of Munoz and Lelolr (1943) and later of Lehnlnger (1945) that the fatty 
acid oxidase activity could be separated from homogenates by centrifugation gave Impetus 
to the development of the washed residue technique (Cohen and MoGllvery, 194?, and Cohen 
and Hayano, 1948) which provides a means of studying certain enzymatic reactions under 
more easily controlled conditions. 
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TTie method now employed In this laboratory la to prepare a 15-305t homogenate using a 
glass pestle, and with either cold isotonic KCl or a mixture of 80^t isotonic KCl and 
isotonic phosphate buffer of appropriate pH as the suspending medium. The homogenate la 
filtered through glass wool or gauze to remove gross particles and centrifuged at 2000 g. 

In the cold for 10 minutes. The supernatant fluid is discarded and the residue is tritu- 
rated with the original homogenate volume of fresh cold KCl, and again centrifuged at 
2000 g. for 10 minutes. This washing may be repeated as many times as desired, although 
our experience has been that two washings suffice to lower the endogenous respiration to a 
minimal level. The final residue is made up to a convenient volume with the KCl and added 
to the experimental flasks. 

The increasing tody of data being obtained in many laboratories by variants of the 
above method, indicates that enzyme systems found in the residue will be unstable to freez- 
ing, drying, changes in tonicity, and acetone powdering. These systems can not be incu - 
bated at 37° in the absence of substrate for even a few minutes without loss of activity 
toward the usual metabolites (Grlsolla and McGllvery, unpublished data). This greatly 
limits the use of sidearm addition techniques. 

On the other hand, the enzyme systems found in the supernatant by this technique are 
usually relatively stable to solvent and salt fractionation, drying, acetone powdering, 
etc. 


The medlxim used for studies of washed residue should contain adenosine triphosphate 
and Mg'*"*' ions in concentrations of at least 5 x: lO'** and 2 x lO"? M, respectively, since 
these substances are necessaty in practically all systems yet Investigated. Peculiarly, 
certain reaction systems require cytochrome c and others do not with the same tissue 
preparation. If any doubt exists, 1 x 10"5 M cytochrome c should be added. Potassium 
salts, rather than sodium, should be employed in making up the medium. 

The preparation is not cytologlcally homogeneous and is not adapted for cytochemioal 
studies. On the other hand, the procedures used for the separation into cytologic entities 
(Schneider, I9W; see Chapter 12) introduces variations in medium, time of manipulation, 
pH, because of lack of buffering, etc., all of which need careful study with the washed 
residue preparation itself before special properties are assigned to fractions thereof. 

In any event, the results obtained with this, or any other broken cell preparation are not 
quantitatively extrapolatable to ^ vivo conditions. "Hasty and unfounded applications of 
the results obtained with damaged cells and the theories built around such results to the 
chemical processes going on in the living cell have, alasl, crowded the literature and 
confused thought." (Barron, 19*t'3). 

R. If. UcGilvery and P. P. Cohen 
THE PREPARATION OF CYCLOPHORASE 

The cyolophorase complex of enzymes has three outstanding characteristics: (1) all 
the component oxidases whether flavoproteins or pyridlnoprotelns are conjugated, l.e. , un- 
dlssociated with respect to their prosthetic groups; (2) all these oxidases can esterlfy 
inorganic phosphate coincident with oxidation of the substrate; (j) the complex appears to 
be associated with particulate elements of a definite size and shape which are probably 
identical with what the cytologlst refers to as mitochondria. In order to prepare the 
cyolophorase complex essentially undenatured the following conditions must be satisfied: 

(1) only fresh tissue is to be used for the preparation; (2) all manipulations must be 
carried out at 0° and with rapidity to minimize both autolytJc and thermal inactivation; 

(3) the final concentration of salt or buffer should be about M/10; and (h) the pH should 
be maintained between the limits of 6-8. Sucrose can replace sodium or potassium chloride 
but the complex is leas stable in the non-ionic medium. When the salt concentration is 
reduced to zero or is increased well above m/10 the pyrldlnoprotein oxidases dissociate. 
This process of dissociation is irreversible in the sense that adding an excess of co- 
enzyme back to the complex does not restore the original conj'ugated pyridlnoprotelns. The 
apooxldases show catalytic activity when fortified with ooenzyme but they are no longer 
capable of oxidative phosphorylation and their kinetics are profoundly different from those 
of the corresponding undissoolated oxidases of the undenatured cyolophorase complex. The 
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tranaformatlon of the ojolophoraee oxidases into their classical counterparts can also he 
brought about by exposure of the complex to acidity below pH 5 and alkalinity above pH 9, 

by incubating the complex at 38° in absence of substrate, by treatment at 0° with reagents 

like arsenite, capryl alcohol and 2,b-dinitrophenol, and finally by prolonged mechanical 
shearing of the oyclophorase gel in a Waring blendor until the characteristic shape of the 

particulate elements is lost and a reduction in their size can be observed. 

There appears to be an intermediary stage between the oyclophorase and classical state 
of the pyridlnoproteln oxidases. Thus by mechanical shearing of the cyolophorase gel which 
leads to reduction in size of the particles one can obtain a preparation in which the oxi- 
dases are still largely conjugated but in which the property of oxidative phosphorylation 
is lost. The characteristic of the typical classical state is that the pyridlnoproteln 
oxidases are completely dissociated and lack the property of oxidative phosphorylation. 

In addition the classical oxidases have been separated from the particles and are in true 
solution. 

The conditions and methods of preparation thus determine to what extent the cyolo- 
phorase gel will retain its full catalytic potentiality or will undergo transformation to 
enzyme artifacts which while retaining catalytic activity have lost the most oharaoteris- 
tlo properties of the original complex. 

The concept of cyolophorase represents a departure from the traditions of enzyme 
chemistry in that the ending "ase" is now applied to a complex of enzymes rather than to a 
single enzyme. However, the unit of the cyolophorase system appears to have the same 
reproducibility of properties as does a single enzyme, and in that sense qualifies for in- 
clusion among the units of enzyme chemistry. 

The method of preparation which follows is designed to provide a highly active sus- 
pension of the cyolophorase gel in a reasonably stable state and within a relatively short 

time. The final suspension contains nuclear fragments which contain no activity. However, 

the procedures which have been found to separate the active mitochondria from inactive 
nuclear fragments are somewhat more tedious, and they have the added disadvantage that the 
final preparation is rather unstable. 

Preparation of Complex from Babbit Kidney : A large rabbit (2.5 - ^ hg. ) is guillo- 
tined or killed by a hard blow with a lead pipe aimed at the nape of the neck and the neck 
arteries then severed with a sharp knife. The external capsule of the kidneys is removed; 
the kidney is then split longitudinally into two halves and the medulla, pelvis and con- 
nective tissue dissected out. The kidneys are kept in iced water except during handling. 
The kidneys are then transferred to an ice cold Jar of the Waring blendor containing 
100 ml. of 0.9 per cent KOI (0°) and 0.24 ml. of M sodium hydroxide. The blendor is 

allowed to work for 2 minutes during which time the pH of the mixture is determined every 

few seconds by removing a drop and checking the pH with brom thymol blue. Usually about 
0.24 ml. of W alkali must be added during the run to maintain the pH at about 7-2. The 
homogenate la then centrifuged for 5 minutes in the conical streamlined head of a No. 2 
International Equipment refrigerated centrifuge at a speed of 5000 E.P.M. The cloudy 
supernatant fluid is poured off and discarded whilst the sediment is resuspended in 0.9 
per cent KCl to the original volume of fluid. The suepeneion is broken up by means of a 
high speed stirrer and the centrifugation procedure repeated. The second and third cen- 
trifugations require only three minutes for completion. At the third residue stage the 
gel is suspended in 0,9 per cent KCl to a volume of about IJ ml. for 2 kidneys and the 
thick suspension brought to a smooth consistency by agitation with a high speed glass 
stirrer. 

Preparation of the Liver Enzyme : The excised liver is divested of the gall bladder 
and connective tissue and then blendorized with 3OO ml. of O.9 per cent KCl containing 
1.2 ml. of N alkali. During the two minute run approximately the same amount of alkali 
must be added to maintain the pH constant. The gel at the third residue stage is sus- 
pended in the minimum amount of 0.9 per cent KCl necessary to render the suspension 
plpettable. The volume is usually about 40 ml. of suspension for each liver. The cen- 
trifuging times for liver and kidney are approximately the same if the conditions for cen- 
trifugation mentioned above can be realized. At lower sppeds than 5000 B.P.M. the liver 
suspensions take somewhat longer to sediment sharply. 


D. E. Grttn 
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SUSPENDING MEDIA POR ANIMAL TISSUES 

The choice of a auependlng medium for a given tissue preparation is to a large mea- 
sure determined hy the nature of the metabolic experiment. In the case of tissue siloes 
it is ordinarily assumed that the purpose of the medium is to provide a solution which 
because of its ionic composition and its osmotic relation to the cells will maintain the 
integrity of the latter. Thus, the commonly employed Krebs-Elnger solution (Krebs and 
Henselelt, 1932) is so constituted as to closely approximate the ionic composition qf the 
mammalian serum, (see below). This medium would seem to provide a physiological extra- 
cellular environment and so insure the metabolic integrity of the surviving cells. While 
this may actually be the case, it would appear from the literature that optimum conditions 
for a given metabolic reaction with slices often require a medium which is different from 
the- balanced, physiological salt solution. Thus, the synthesis of glycogen from pyruvate 
by liver slices is moat rapid when a medium high in potassium is used ( Buchanan^ et al. . 
19^2). The medium the latter investigators found to give optimum glycogen formation con- 
sisted of (per liter) CaCl^, 5-6 mM. ; KCl, 75 mM. ; K pyruvate, 6o mM; and KHCOj, I 3 mM. 

As can be seen, this medium can hardly be considered a balanced solution in the usual 
sense of the word. The respiration of brain tissue is markedly sensitive to variations in 
ionic composition of the suspending medium. When compared with other tissues such as 
kidney cortex, testis, liver, yolk sac, and retina, brain stands out as being unusually 
sensitive to the effects of changes in ionic concentration (Dickens and Grevllle, 1955) • 

Many other such instances of the effect of varying ionic concentrations on metabolic 
reactions with tissue slices have been reported. It la only necessary here to stress that 
the choice of a nutrient medlm for a given metabolic experiment with tissue slices may 
require considerable experimentation with the composition of the medium before optimum 
conditions are realized. 

The Use of Serum as a Suspending Medium : The use of mammalian serum in place of 
balanced salt solution would seem to represent the ideal physiological medium for suspend- 
ing tissue slices. While some differences in Qog and B. Q. have been reported (Dickens and 
Slmer, 1931; Canzanelll and Eapport, 1939) the magnitude of the difference is usually not 
great enough to warrant its routine use. As a matter of fact, in some Instances respira- 
tion la greater in salt solutions than in serum. Some of the difficulties attending the 
use of serum are: 

1 ) Its preparation 

2 ) The considerable CO 2 retention, and 

3) The uncontrollable variability in its make up from sample to sample. 

The latter would seem to be particularly undesirable since it represents an introduction 
of unknown variables in a system which has as one of its features the control of the tis- 
sue's environment. 

Suspending Media for Tissue Minces : 'Since tissue minces contain a higher per cent of 
broken cells, the choice of a suspending medium would seem to favor one more closely ap- 
proximating Intra- rather than extracellular fluid. However, here again it is not possible 
to predict what type of medium will be most suitable for any given experiment. In the 
case of pigeon heart muscle mince, a phosphate-saline medium containing NaCl, KCl, MgSOi^. 
and NagHPCh was found to give higher metabolic rates than phosphate buffer plus NaCl, or 
phosphate buffer plus' MgCl 2 (Krebs and Eggleston, 19ho) . A study of the effect of elec- 
trolytes on the respiration of pigeon breast muscle mince has been reported by Kleinzeller 
( 1910 ). It was found that the optimal K concentration was O.O 585 M if the medium con- 
tained 0.02 M phosphate and 0.0425 M NaCl. When the medium contained 0.02 M phosphate, 
0.092 M NaCl and O.OOOB 5 M MgSO^, the optimal K concentration was 0.0034 M. The optimum 
concentration of Mg was dependent" on the concentration of other ions in tha medium. Thus 
in a medium containing "physiological" concentrations of Ha, K, and Cl the optimal Mg 
concentration was^ 0.0025 M. With a K concentration of 0.0385 M, the optimal Mg concentra- 
tion is about 0.00125 M. 

Phosphate, COp-Blcarbonate and other Buffers: From a quantitative standpoint the 
C02-blcarbonate system of the extracellular fluid is the chief buffer system in the body. 
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In the case of tissue slices, the use of phosphate buffer is somewhat more common since It 
is easier to use. Dickens and Slmer (1951) found no significant difference in the Q 02 or 
BQ of tissue siloes in hlcarbonate (or phosphate) Finger solutions. However, more recent- 
ly) Laser (19^2) has shown that in the absence of COp the maximum activity of tissue siloes 
and reactivity to substrates are maintained for only a short time. Further, it was found 
that CO 2 stabilized the Qog of slices in the presence of substrate for several hours and 
also insured their ability to oxidize substrates added after an incubation period without 
substrate. Since it la customary to "gas" phosphate buffered systems with 1005( Og, it 
should be pointed out that Laser has demonstrated that the rate of Og uptake without added 
substrate declined more rapidly in lOO^t than in lower Og tensions. 

The use of buffers other than bicarbonate and phosphate has received relatively little 
study. In a comparative study of various media buffered with phosphate, bicarbonate and 
borate, Felnsteln and Stare (19^0) found that with liver slices there was no essential 
difference in the Og uptake. On the other hand, minced liver showed a higher Og uptake 
with the borate buffer than with phosphate or bicarbonate. 


Preparation of Krebs -Finger- Phosphate and Bicarbonate Solutions : 


Soluti ons: 


1) 

0 . 90 ^ 

NaCl 

( 0.154 M) 

a) 

i.vii 

KOI 

( 0.154 M) 

3) 

1.22)( 

CaCl2 

(0.11 M) 

4) 

2. 11^ 

KEpPQli 

( 0.154 M) 

5) 

3.82)( 

0 

0 

CO 

( 0.154 M) 

6) 

1.305( 

NaHCO: 

( 0.154 M) 

7) 

0.1 M 

phospnate buffer, pH 


(5 ml. equivalent to 11 ml. O.IN AgNC^ ) 


(gas with COg for 1 hour) 

( 17.8 g. NagHPOij-SHgO + 20 ml. IN HCl; 
dilute to 1 L. ) 


To prepare the Krebs-Ringer solution, the following amounts of the above are mixed; 


100 parts of solution 1 ) 

4 2 ) 

3 " " " 5) 

" " " t) 

1 " " 5) 


Note : All solutions are isotonic with 
rat serum, hence can be mixed 
in any proportion yielding mix- 
tures (of differing composition) 
which are still isotonic. 


If Krebs - Blnger Bicarbonate Is desired, 21 parts of solution 6 ) are added. The solution 
is then gassed for 10 minutes with % COg. For aerobic experiments 5^ COg-95^ Og mixture 
is usually used, and for anaerobic experiments, 5^ 002-95^ Ng. After mixing and gassing 
the solution, it should be kept In a glass stoppered vessel in the cold, until ready for 
use. The manometrlc flasks containing the solution should he attached to the manometers 
and "gassa^" as soon as possible. 

If Kfebs - Einger - Phosphate is desired, 12 parts of solution 7) are added in place of 
the bicarbonate solution. This solution. after mixing, is gassed with either Og, Hg or 
air, depending on the gas phase desired. 

To simplify the preparation and handling of the above solutions, it has been found 
convenient to make up solutions 1) to 5) five times the concentrations listed. The more 
concentrated solutions are stable for months when stored in the cold. For a stock Krebs- 
Einger solution, solutions 1 ) to 5 ) are made up in the proportions indicated above (taking 
into account the concentration factor of 5)- This will keep in the cold for about one 
week. To make up the Krebs-Blnger bicarbonate solution 16 ml. of solution 6 ) are diluted 
to 100 ml. with the stock Krebs’-Einger solution. To make up the Krebs-Einger-Phosphate, 

10 ml. of solution 7) are diluted to 100 ml. with the stock Krebs-Ringer solution. 


P. P. Cohen 
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METHODS OF PREPARING PLANT TISSUES 

HIGHER PLANTS 

In general, the higher plant does not possess organa constituted of massive tissues 
as does an animal. The most actively respiring regions of a plant are those where growth, 
in the sense of increase in number of cells, is progressing most rapidly, namely the 
meristem regions of the stem and root, the developing flower and fruit, the germinating 
seed, and seedling. As a rule every plant cell progressively develops from the meri- 
stematlc to the mature state. The rate of respiration also decreases as the cell matures; 
too, as the organ of the plant matures, cells are transformed into dead xylem elements, 
for example, which further lowers the respiratory rate of the organ. Furthermore, the 
respiratory rate of the higher plants is considerably less than that of most animal tis- 
sues. 


Since the course of many experiments on respiration are dictated by the very prac- 
tical consideration of using enough tissue to be able to measure respiration over a rela- 
tively short period of time, the introduction of the manomatric methods requiring relative- 
ly small quantities of plant tissue has allowed considerably more latitude in the choice 
of material and type of experiments. 

We do not propose to discuss at length the preparation of all the various plant parts 
for use in the study of the several aspects of respiration. Bather, the discussion will 
be limited to a few general oases together with indications as to where other accounts can 
be found. 

Storage organs of a number of different types of plants have been used extensively. 
Potato tubers and carrot roots are good examples. Both have a high food content and con- 
tain a relatively high percentage of uniform, parenchymatous cells 80-150 microns in width. 
In the case of the potato tuber, plugs of tissue are removed from the interior by means of 
a cork borer having a diameter of 6-12 mm. These plugs are then worked up into siloes, 
Q.h-0.73 mm. thick with a hand microtome. In some oases a series of razor blades sepa- 
rated by washers has been used with considerable success to speed up the slicing. The 
slices are then washed for 12-24 hours in running tap water, rinsed several times In dis- 
tilled water, blotted with filter paper and transferred to the solution contained in the 
manometer vessel. The washing serves to remove organic matter from the out cells and also 
eliminates certain inequalities in respiration partially associated with the period suc- 
ceeding cutting (steward, 1932) • Somewhat the same procedure was followed by Turner 
( 1938 ) in preparing slices of carrot root. He recommends that the whole organ be sliced 
and then cylindrical discs be cut from the siloes to minimize bruising of the tissue. 

Marsh and Goddard (1939) used carrot slices 6 mm. in diameter and 0.5 mm. thick suspended 
in pH 5-9 phosphate huffier in determining the effects of cyanide, azide and carbon mon- 
oxide on respiration. Potato tuber slices when kept under favorable conditions (see above) 
may develop a zone of merlatematlc cells" near their surfaces ( Steward, et al. . 194o). This 
posalblllty la worth considering when using this tissue, and one should not overlook the 
posslhllity of a similar situation when using other tissues supposedly composed entirely 
of mature cells, particularly since merlstematic and young cells may have metabolic 
process patterns which differ significantly from those of mature cells, e.g., substrate 
utilization (Albaum and Elchel, 1943) and terminal oxidase system (Marsh and Goddard, 

1939). 

Boot tips and segments of roots have also been used. It is relatively easy to grow 
the plants in liquid culture until the root systems have developed sufficiently to yield 
the desired quantity of material. Tips of the roots of uniform length and diameter are 
removed, rinsed in distilled water or in the suspending solution, blotted and transferred 
to the solution in the vessel of the respirometer. It is necessary to randomize the roots 
in the different samples to overcome inequalities in respiratory rate. This method works 
quite well when only the extreme tip of the root is used; presumably segments of roots 
having root hairs would not work as well owing to variable injury to the very fragile root 
hairs. Machlls (1944) has described in detail a method for producing barley roots 12-15 
cm; long, relatively free of root hairs, and of a uniform diameter slightly under 0.5 mm. 
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He also descrltas a method of preparing aegmenta of the roots for use in a study of the 
effects of certain Inhlhltora and the four-carbon adds on respiration, Eoot tips from 
seedlings are also convenient. The seeds may be sterilized for 10-20 minutes in a lO^t 
solution of freshly prepared and filtered calcium hypochlorite solution, washed thoroughly 
in sterile water, and, after soaking for several hours in sterile water, germinated at 
room temperature on moistened, sterile filter paper in petrl dishes or large, covered 
crystallizing dishes. The root tips are excised, blotted lightly and transferred directly 
to the solution in the vessel of the resplrometer (Henderson and Stauffer, 19lt4). This 
same technique of seed sterilization and germination was also used in obtaining exilsed 
roots tips of tomatoes for culture in a purely synthetic medium. 

For further details regarding the culture of excised root tips and isolated plant 
tissues, see White (19*+3)- loo (19*t5> 19*^6) has described the culture of excised stem 
tips. 


Jixtracta of plant tissues are easy to prepare and find a wide application in the 
study of the various respiratory phenomena. In many instances an extract may be prepared 
by grinding a representative sample of the whole plant, organ, or tissue to a pulp in a 
mortar. The addition of a small amount of sand may facilitate this operation. For larger 
samples, a food chopper equipped with a fine-toothed cutter or a blendor (Waring type) may 
be used to advantage. The more liquid portion of the macerated material can be separated 
from the debris by pressing it out by hand through muslin or 2-5 dayers of fine cheese- 
cloth. The liquid may he further freed of suspended particles by centrifuging or by allow- 
ing it to stand 10-12 hours at 2-4° C.; this latter treatment appears to work well in ob- 
taining clear extracts from chlorophylloua tissues. The extract may be used immediately, 
or mixed with a buffer solution, whichever is most suited to the experiment in question. 

A variant of the above procedure is to freeze the tissue at -8 to -20°- C. overnight, 'thaw, 
pass through a food chopper with a fine cutter, and press out the sap through felt or 
oheese-oloth pads in a hydraulic press. Extracts obtained in this manner appear to be 
more representative of the tissue as a whole, and, at least at first, more active than 
when the freezing step Is omitted. Bunting and James (191*1) in a study of carboxylase and 
oooarboxylase in barley prepared extracts from seedlings frozen overnight at -12° C. by 
pressing out the sap through muslin by hand. They also tried pulping the seedlings before 
pressing out the sap, and found that this treatment gave an extract that was more active 
than that from the unpulped seedlings. However, the difference in activity of the two 
disappeared after a time. Sap extracted by hand from barley shoots following overnight 
freezing at -12° Z. and thawing was used by James and Craig (19l*5) in investigating the 
ascorbic acid system as an agent in respiration. Albaum and Eiohel (19l*3) prepared ex- 
tracts of whole embryos of oats as follows: 50 embryos were dissected free of the endo- 
sperm, ground in sand In 2 ml. of m /15 phosphate buffer, centrifuged lightly and the 
supernatant liquid decanted and stored in an ice chest overnight. Berger and Avery (19‘*5) 
ground oat coleoptlles with twice their weight of water, and filtered or centrifuged the 
extracts for use in determining dehydrogenase activity by means of the Thimburg technique 
(see Chapter 9). Albaum and Umbrelt (19****) prepared extracts of embryos 'of germinating 
Oats for use in determining phosphorus transformations (see Chapter 15) by homogenizing 
the material in .a minimum amount of ice cold distilled water with a stainless steel 
homogenizer (see Chapter 11 for a description of this technique). It would appear that 
homogenates of plant tissue would be more active, in respect to respiratory activity in 
general, than extracts from pressed, or ground and pressed tissue because the cell debris 
on which some of the enzymes may be absorbed, and yet remain active, is not removed. It 
has been used successfully in the study of transamination in oat seedlings by Albaum and 
Cohen (1943). However, some one or more enzymes may become inactivated, e.g. , succinic 
dehydrogenase in preparations from spinach leaves (Bonner and Wlldman, 1946). 'Whichever 
technique, or modification of a technique, one employs in preparing a plant extract In 
the study of a particular problem, it goes without saying that the effect of each treat- 
ment in the preparation of the extract should be examined as to its effect on the activity 
of the final preparation. 

PREPARATION OF ALGAL CELL SUSPENSIONS 

There are a number of unicellular green algae which may be grown in the laboratory 
under standardized conditions as a source of plant material for use in studies of photo- 
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synthesis and respiration. The sultahlllty of such plants for photosynthetlo studies has 
teen outlined by Manning, ^ (1938). In many respects the same considerations hold 

true for their use in respiratory studies. At present a number of species of Chlorella 
are maintained in pure culture in several botanical laboratories. Without any intention 
of implying that Chlorella is the only alga recommended, but because of its wide use at 
present and because of our experience with it, a general method for its culture is out- 
lined below. With slight modification of conditions such as the composition of nutrient 
solutions, salt concentration, light, temperature, etc., this method can be used for the 
production of large numbers of cells of many other algae. In fact the method has been 
used in culturing a species jof Dactylocoecus . and with relatively slight changes for grow- 
ing the brine flagellate Puna 11 el la sallna . The method probably had its inception during 
the course of the experiments of Warhurg (1919) and Warburg and Negelein (1922) on photo- 
synthesis. In its present form it closely follows the description given by Manning et al. 
(1938). 

It is necessary to have the alga in pure culture. Impure cultures can be diluted, 
plated out on agar medium In petrl dishes, and an uncontaminated colony picked off and 
propagated (see Bold, 19^2, for further details). This is rather time consuming with a 
long period of waiting until a colony is produced from a single cell. If possible a little 
of a pure culture should be purchased or obtained from a laboratory where the organism is 
being maintained. To continue the stock, and as a source of inoculum for the lltiuid cul- 
tures to be described below, the alga can be satisfactorily grown on slants of agar- 
Bolldifled nutrient medium (see below) in ordinary test tubes. Of course, one must exer- 
cise the usual precaution against contaminants; the usual bacteriological methods are 
applicable. After having built up a sufficient supply of stock cultures, these can be 
easily maintained by bi-monthly transfers of cells onto fresh slants. The cells multiply 
readily when exposed to natural or artificial light. 

The algal cells to he used in preparing the suspensions are grown in liquid cultures. 

A loopful of cells from a stock culture Is introduced Into 100-150 ml. of sterile nutrient 
solution (see below) contained in a 250 ml. Srlsnmeyer flask. The flask is provided with 
a rubber stopper containing two L-shaped glass tubes. One of the tubes extends almost to 
the bottom of the flask and serves to Introduce air or gas mixtures below the surface of 
the solution. The bubbles of gas also agitate the solution and render constant shaking 
unnecessary. The other tube Is short and serves as the outlet for the gas mixture. The 
external ends of both tubes are lightly plugged with cotton. 'When the assembled culture 
flasks are to be sterilized by autoclaving, a strip of paper Is placed around the rubber 
stopper where it contacts the neck of the flask, the flasks are placed In a metal tray and 
a paper cover is fitted over the whole. The tray and contents are removed directly from 
the autoclave to a cabinet or room that has been recently steamed down and allowed to cool. 
The flasks are then inoculated with the algal cells. The paper atrip Is removed and the 
rubber stopper forced into the neck of the flask. Finally, hot paraffin-bee’ s wax mixture 
(4-1) Is brushed' over the glass-rubber Joint to render It gas tight. When this procedure 
Is followed, the flasks are seldom contaminated. The flasks are now placed on a wire rack 
submerged 4-6 cm. in a shallow glass-bottomed, constant temperature tank. The flasks are 
connected in series (2-15 flasks) by means of short pieces of rubber tubing. Air or a 
mixture of COg In air (4-5^, prepared by partial pressure method, stored in a carboy or 
compressed in a cylinder) Is constantly bubbled through the flasks at a rate such that 
the COg content is uniform In all of the flasks of the series. The cultures are illumi- 
nated from below with ordinary incandescent or fluorescent bulbs of sufficient wattage to 
give the desired light intensity. It is not necessary to shake the flasks constantly; 
shaking them by hand once or twice daily is sufficient. In practice, cultures of the type 
described in a 24 x 36 inch tank, illuminated constantly with 6 200-watt unfrosted hulhs 
at a distance of about 3 feet, produce 100-150 mm. 5 of packed wet cells per flask in 5-6 
days at 22° C. when aerated with 51^ COg-alr mixture. 

The following media are given since we have found them to be satisfactory. For 
others, see Bold (1942). 
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Medium for agar- slant 
cultures 

stock 

NaNOj 

0.25 gm. 

KHgPOl; 

0.25 gm- 

MgS04‘7H20 

O.C5 gnt' 

CaClg* IHgO 

0.25 gm. 

Cane sugar 

^.0 gm. 

Bacto-peptone 

0.5 gm. 

Micro-element solution. 

1.0 ml. 

Distilled vater, to 

1.0 L. 


Medium for liquid cultures 


KNO5 

2.53 

gm. 

KH2PO1J, 

2.72 

gm. 

MgSQi^ 

2.40 

gm. 

CaCl2 

0.155 

gm. 

FeSClj 

0.0015 

gm. 

Micro-element solution 

1.0 ml. 



Distilled water to make 1.0 L. 
Adjust pH to 6.8 with KOH 


The particular micro-element solution used contained ln-l8 liters of distilled water: 
30 ml. of 18 N HNO5: LlClg, 0.5 gm. : CuS04-5H20, 1.0 gm. ; ZnSOj^-eHgO, 0.5 gm. ; TlglSOj^),, 
1.8 gm. ; MnCl2-4H20, 7.0 gm. ; NiCl2'6H20, 1.0 gm. ; Co(N0j)2, 1.0 gm. ; KI, 0.5 gm. ; KBr/ 
0.5 gm. i NajSOt, 0.5 gm. ; K2Cr20y, 0.2 gm. ; ( NHi^)gMo.^02h'^H20, 0.5 gm. Its use does not 
appear to he absolutely necessary when ordinary reagents are employed In making up the 
media with boron and manganese added (0.5 microgram/ml. ) . 


The contents of a flask may be used directly as an algal cell suspension. When great- 
er concentrations of cells are desired, the cells are .concentrated by centrifuging. The 
usual procedure Is to centrifuge out the cells In a graduated 15 ml. centrifuge tube,, wash 
once or twice and resuspend them In whatever medium one wishes to use. For ^hort term 
experiments no precautions against contamination are necessary. The dry weight, algal 
nitrogen or phosphorus can be obtained from an aliquot. Suspensions prepared In this man- 
ner can he used Immediately, or, for certain types of experiments, they may be stored in 
an Ice- chest for several days. 'The quantity required can readily be measured out with a 
pipette. Suspensions prepared in such a manner have been uaed in studying photosynthesis 
(Manning, et al.. ( 1958) ; Petering, at , (1959); Fan, et al., (19^3)) and phosphorylation 
(Emerson, et al., (I9I4)). Most investigators working on photosynthesis and respiration 
employ algal call suspensions prepared in somewhat the same manner (e.g., Emerson and 
Lewis, 19^1; Saffron, 19^0; Pratt, 19^3). 


F. Staaffer 


METHODS OF PREPARING MICROBIAL TISSUES 

PREPARATION OF BACTERIAL CELLS 

Washed bacterial cells have been used widely In studies of respiratory enzymes. Wash- 
ing is considered to remove most nutrients and thus render the cells "non-prollferatlng" 
or "resting". Among the advantages rightly claimed for such preparations ere: (a) vari- 
ous bacteria present a wide variety of enzymes for study; (b) the organisms can be grown 
readily under reproducible conditions; (c) the cells give a uniform s'uapenBlon that can 
be pipetted accurately; (d) most washed cells can be stored for some time at refrigerator 
temperatures without appreciable change in activity; (e) respiration remains linear with 
time; ( f ) bacteria are extremely active per unit of tissue; and (g) gas diffusion into the 
cell is not a limiting factor normally. 

The media required for hast growth of bacteria vary widely with the organisms con- 
cerned. In the case of organisms which, produce gums or capsules, it may be necessary to 
grow the cells on media which are low or lacking in carbohydrate to facilitate centrifu- 
gation and to limit the high endogenoxis respiration characteristic of cells abundant In 
reserve materials. Aside from such considerations, the cells should be grown on as favor- 
able a medl-um as possible. 
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When small quantities of aerobic cells will suffice, they are Mjst oonyenlently grown 
on an agar medium in liter Home bottles. These bottles present a large area which is ade- 
quately covered by 75 to 85 ml. of agar. Inoculate the slanted, hardened agar surface with 
2 or 5 ml. of a suspension of fresh cells, and distribute the suspension over the agar. 
After Incubation, harvest the cells when they are young and active, even at the expense of 
a reduction in total crop. To harvest, add 10 ml. of buffer or mixed salt solution (e.g.. 
Singer's solution. Chapter 16 ) to each Roux bottle and scrape the organisms from the agar 
surface with a curved glass rod. Filter through cheese-cloth to remove lumps of agar (by 
using 2 ^ rather than the usual 1.51^’ agar less difficulty with breakage of the medium is 
experienced). Rinse with another 5 or 10 ml. portion of solution. Sediment the cells by 
centrifugation; resuspend in fresh solution and recentrifuge. Repeat. Place the washed 
cells in a tube or flask equipped for aeration, l.e., with a rubber stopper holding a 
glass tube leading to the bottom and an exit tube from the top. Aeration at room tempera- 
ture before the cells are used serves to exhaust metabolites and reduce the endogenous 
respiration. Store the cells at temperatures somewhat above freezing. 

When anaerobes are to be used, they usually can be grown in stagnant carboys of liquid 
media and recovered by passage through a Sharpies supercentrifuge (Koepsell and Johnson, 
1942 ). Precautions are frequently necessary to maintain reducing conditions during harvest 
to minimize inactivation of the enzymes. 

Large quantities of aerobes quite generally can be produced in aerated liquid culture. 
Lee and Burris (1945) have described the growth of Azotohacter vlnelandii under such con- 
ditions. Again the Sharpies supercentrifxige provides a rapid means of handling large 
volmea of a culture medium. 

The washed cell suspensions are adjusted by dilution to a point where they will in- 
duce a gas exchange of 100 to 200 );1. per hour in a Warburg flask; correspondingly, a 
dilution such that they will reduce methylene blue in 15 to 50 minutes on a suitable sub- 
strate is desirable for dehydrogenase studies. The first dilutions will be empirical, 
but activity can be correlated with turbidity measurements on a colorimeter, spectrophoto- 
meter, visual nephelometer, or a set of BaSOl tubes of varying turbidity. Subsequent sus- ■ 
pensions can be adjusted to a reasonably constant activity by dilution to a standard 
turbidity. 'When measuring turbidity photometrically in the usual yellow bacteriological 
medium, it is customary to employ a red filter (620 or 660 ii|i) to minimize the effect of 
the yellow interfering color. With washed suspensions of bacteria in the absence of such 
color it is advantageous to use a blue filter, since the Instrument is more sensitive to 
turbidity changes under such conditions. Most stock bacterial suspensions will require 
about a 10 fold dilution to adjust the turbidity to a range suitable for standardization 
on a photoelectric colorimeter. For example, a suspension of Rhizohium trifolll is of 
about the proper concentration when 1 ml. added to 9 mi. of water gives 45^ transmittance 
in an Evelyn colorimeter at 420 nji., distilled water being used as blank. 

Turbidity serves as a means of Judging activity for adjusting suspensions, but final 
cell activity la best expressed as the 0 ^ 8 ®’^ taken up per hour per mg. 

nitrogen content of the Cells. The relative merits of dry weight, total nitrogen, nucleic 
acid phosphorus, total carbon, and cell numbers as bases for expression of activity, are 
discussed by Burris and Wilson (194o) and in Chapter 1 of this book. In Chapter I 5 direc- 
tions are given for micro KJeldahl determinations. Duplicate nitrogen determinations 
should give a basis for expressing QogCN) values for all observations made with one par- 
ticular suspension. 


CELL-FREE ENZYME PREPARATIONS FROM BACTERIA 


The advances in our knowledge of yeast fermentation, which have resulted from studies 
with cell-free preparations, emphasize the value of such experimental material. In their 
excellent review of methods that have heen employed in producing cell-free bacterial 
Juices, Werkman and Wood (194o) have enumerated the advantages and disadvantages of these 
preparations. Among the advantages are cited the facts that, the results are not affected 
by growth and reproduction of cells; cellular permeability la no factor in the measure- 
ments; it is possible to Isolate and follow single reactions through the use of inhibitors 
And specific substrates; and it is possible to reconstruct a chain of enzymatic reactions 
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by the combination of the individual components of the system. The disadvantages Include 
the change in environment suffered by the enzymes detached from the cell, and the destruc- 
tion or incomplete solution of certain enzymes. 

Werhman and Wood (I 9 I 0 ) should be consulted for a listing and description in some 
detail of all the methods which have been employed in liberating bacterial enzymes from 
the cell. In this discussion we shall confine our attention to methods in current, prac- 
tical use that require only simple, readily obtainable equipment. 

GRINDING WITH POWDERED GLASS 

Wiggert, Silverman, Utter and Werkman (19^0) describe a simple method for macerating 
bacterial cells by adding powdered glass and grinding with a mortar and pestle. The bac- 
terial cells are best grown in liquid culture and recovered with a Sharpies supercentri- 
fuge, as in most cases several grama of wet cells are required. A subsequent wash and 
recentrifugation la often advisable to remove excess nutrients. The cells should be har- 
vested while young and active; the loss in total crop by early harvest is largely compen- 
sated for in greater unit activity. Obviously the manner in which the bacteria are grown 
will vary with the organism concerned, and the individual investigator will be bast ac- 
quainted with the nutrient and envlrorunental requirements of the organism with which he is 
dealing. 

iyrex glass is powdered by grinding in a ball mill; 2 k hours with stone balls but not 
over 1 hours with steel balls usually suffices for proper powdering. Sift the glass 
through a 30 mesh screen to remove large particles. When handling the glass powder wear 
a dust mask. 

Mix 3 g< of bacterial paste, 25 g. of powdered glass and 7 ml. of pH 7 . 0 , m/ 15 phos- 
phate buffer; the consistency will be that of a firm batter. Place 10 g. of this mixture 
in a chilled U .5 inch mortar and grind vigorously for 5 minutes. Do not use larger than 
10 g. portions; observe the 5 minute grinding period, for additional grinding results in 
inactivation rather than increased yields. Combine the separately ground portions, and 
for each 10 g. portion add 2 ml. of phosphate buffer; mix well. Transfer to centrifuge 
tubes and sediment the glass by 5 to 10 minutes centrifugation at as great speeds as the 
equipment will allow. With particularly viscous preparations longer centrifugation may be 
neoesaaiy. When working with small quantities of viscous material, sedimentation directly 
in the Beams centrifuge followed by reoentrlfvigatlon in the cleaned rotor may save time 
and give nxire complete reooveiy from the glass powder. Remove the supernatant and clarify 
by 2 to 15 minutes centrifugation in a Beams, Weed and Plckele (1933) "spinning top" air 
driven centrifuge equipped with a screw top with rubber gasket seal. Such a centrifuge 
Can be constructed at low cost by any competent mechanician or instrument maker. The 
centrifugal force it will develop will depend largely upon the rotor diameter and the 
pressure of air used for driving the rotor; hence, it is impossible to state exactly the 
time necessary for sedimentation. This can be determined empirically by observation of 
the degree of clarification with varying periods of centrifugation. With a 1.25 in. rotor 
Wiggert, et al., {19*+0) report suitable sedimentation in 2 minutes at 175,000 r.p.m. ; this 
speed is obtained with 80-90 pounds air pressure. With a 1-5 in. rotor operating from a 
30 pound per square in. air line, we obtain good clarification in 3 to 5 minutes with 
azotobacter preparations. Other preparations may require considerably longer sedimenta- 
tion; coding the Juice is sometimes helpful in hastening sedimentation. Eemove the 
supernatant with a pipette; the sediment is tightly packed on the walls of the rotor and 
is not appreciably dislodged when the rotor is decelerated evenly with the fingers. 

In operating the Beams "spinning top" centrifuge the hollow rotor can be completely 
filled, since sedimentation appears "to be as effective as when the rotor is only partially 
filled. Screw the top of the rotor "finger-tight" against the rubber gasket. Open the 
air line completely, so full pressure is applied to the stator and lower the rotor into 
position on the stator. Release the rotor, guiding it as it starts to rotate by having 
the fingers and thumb encircle it in an "eagle-grip". As the rotor gains speed and passes 
the "chatter- point", line it up by touching the edge gently with the thumbnail. To stop 
the rotor, leave the air pressure on at full force, place the fingers around the rotor in 
an "eagle-grip" and apply pressure gently from all sides. The air stream, upon which the 
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rotor revolves, serves to cool the fingers, so there Is no discomfort In stopping the 
rotor. Even deceleration of the rotor can be Judged by the uniform drop in pitch of the 
audible note from the centrifuge. 

Utter and Werkman (19*i2) described a modification of the manner of grinding given 
above. Glass and cells were prepared as usual, but ware combined in the proportion of 2 
parts of powdered glass to 1 part of bacterial cell paste. Buffer to give the consistency 

of a thick batter was added. "The grinding 
was accomplished by passing the bacterla- 
glass mixture between concentric ground glass 
cones. The inner cone was rotated a 
motor." Such cones can be made from stand- 
ard taper or larger Joints or built to 

specifications by any glassworker (lig. 48). 
If a specially built cone la employed it 
should have a taper of 30°-40°; by bringing 
the inner cone to a tip of about -j" diameter 
and constricting the Junction between the 
outer cone and call paste cylinder, cell 
loss can be minimized. To make the cones 
from stock standard taper joints, obtain the 
inner Joint with a drip tip, and seal the 
tip off flat as close to the ground area as 
is possible without distorting the Joint. 

Fill the inner Joint and its length of tubing with crushed ice, and attach its open end to 
a motor (geared to about 300 r.p.m. ) with a rubber stopper. Place the bacterial paste in 
the unground end of the standard taper outer joint. Join the outer and inner Joints, which 
are mounted in a horizontal position, start the motor, and by means of a plunger, fashioned 
from a rubber stopper, slowly force the cell-glass paste between the rotating cones. Catch 
the extruded material in a chilled dish. Extract the paste with 1.5 ml. of water for each 
gram of bacteria used. Treat subsequent to this point in the same manner as described for 
preparations ground with a ccrtar and pestle. 

Juices prepared in this way are essentially free from intact cells. They can be 
employed directly in respirometer vessels or Thunberg tubes with appropriate additions of 
buffers and substrates. Any considerable dilution should be avoided, as it may involve a 
greater than proportionate loss in activity. Wlggert, et al., (1940) discuss the activity 
of cell-free Juices obtained from a variety of bacteria in relation to grinding time, 
volume of extracting fluid, buffers and substrates employed, addition of viable cells, 
storage and filtration. Juices from Aerobacter indologenes were completely inactivated by 
passage through Seitz, Jena glass, or Chamberland filters. With cell-free preparations of 
Azotobacter vlnelandll, Lee, Burris and Wilson (1942) and Lee, Wilson and Wilson (1942) 
found very little Inactivation of the enzymes examined after passage through a Berkefeld H 
or Handler 15 filter. 

The method of grinding with glass requires simple equipment, is successful with most 
organisms tested, and comparative studies indicate it has about the same effectiveness as 
the bacterial mill of Booth and Green (1958) in respect to both speed and completeness of 
cell disintegration. The Booth-Green mill will not be described here; it can be obtained 
front Unlcam Instruments Ltd., Anbury Boad, Cambridge, England. 

AUTOLYSIS or CELLS 

One of the simplest means of preparing cell-free enzymes is by autolysls. The ease 
and the conditions under which different cells will autolyze vary widely. Some cells will 
autolyze while other cells are growing in the same culture medium, so that Che filtered 
medium will at times carry a usuable concentration of freed Intracellular enzymes. Many 
bacteria, however/ are refractory to autolysis, or the autolysls requires such a prolonged 
time that many enzymes are Inaotived during the interval. Again the individual must deter- 
mine the proper conditions for autolysis of the particular cells with which he is con- 
cerned. 



Fia. w 

t)iM cOfiaa for grinding bnctorlo. The 
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Stephenaon (iggj) prepared cell-free lactic, succinic, and formic dehydrogenases from 
Escherichia coll . In studying the correlation of enzyme activity with number of viable 
cells present she found that aging suspensions increased in activity on lactate. This ob- 
servation suggested that autolyais waa freeing the enzyme, and optimum conditions for the 
autolysia vrere determined. The organlanB were harvested, washed, suspended in pH 7.6 
M/2 phsophate buffer and Incubated at 37° C, for 5 or 6 days in a stoppered bottle. Addi- 
tion of 1 ^ sodium fluoride prevented putrefactive deterioration, but did not alter the 
enzyme. The preparation could not reduce molecular ojtygen hut could reduce methylene blue 
in the presence of any of the three substrates Hated. Filtration through a porcelain 
filter resulted In complete inactivation. Passage through kleselguhr gave an almost water 
clear preparation which retained only lactic del^ydrogenaae activity. 

To deal in general terms. It Is customary to allow cells to autolyze in heavy suspen- 
sions under a layer of toluene at room or incubator temperatures. To determine optimum 
conditions, a series of samples of cells may be suspended in buffers at a variety of pH’s, 
The supernatants should be tested at intervals to determine the time of greatest activity. 
After such a survey, a standard practice for autolyzlng particular cells may be adopted. 


LYSIS BY ADDED AGENTS 

Tysia can be induced readily by the addition of foreign agents to certain sensitive 
species of bacteria. A notable example is Micrococcus lyeodeiktl cus which is rapidly 
lysed by the addition of raw egg white, saliva, or tears to a suspension of the organism. 
Fleming and Allison { 192 h) found that a heavy suspension could be completely cleared in 
30 seconds at 50° C. by the addition of l^fe egg white. .On incubation for 2^ hours at 37° 
lysis was observed In a on© to 50 million dilution of egg white. 

Penrose and Quaatei (1930) compared the enzyme activity of intact and lysed cells of 
M. lysodeiktlcus . and reported that lysis increased the rate of p-phenylenedl amine oxida- 
tion, increased the activity of catalase, fumarase, and urease, left peroxidase activity 
unchanged, and destroyed or reduced the activity of the dehydrogenases for glucose, fruc- 
tose, lactic acid, succinic acid, glutamic acid, and glycerophosphoric acid. ICrampitz and 
tferkman (19^1) grew M, ly30delkticu.s on a glucoee, peptone, yeast extract medium, and 
washed and recovered the cells by centrifugation. To a 10^ suspension of wet cells they 
added l/lO volume of saliva, and incubated the mixture for 1 hour at 56 ° C. The cell-free 
supernatant exhibited an active oxalacetic acid decarboxylase. 

In his studies of formic acid decomposition by Escherichia coli . Stlckland (I 929 ) 
found that autolysis would not liberate the enzymes involved. He resorted to digestion 
of the cells at 37°, pH 7.6, with crude trypsin, using 5 nil- of Benger's " liquor pan - 
creatlcus " to 100 ml. of cell suspension. Periodic tests for dehydrogenase activity 
showed an initial rise followed by destruction of lactic and succinic dehydrogenases, 
whereas formic dehydrogenase activity continued to increase. The treatment yielded a cell- 
free formic dehydrogenase, whose activity appeared to be associated with cell debris, but 
completely destroyed foimilo hydrogenlyase and hydrogenase thus preventing the production 
of H 2 and CO 2 anaerobically or H 2 O and CO 2 aerobically from formate. 

Though we can cite no case of its having been used for bacterial enzyme preparations, 
Sylvester (personal communication) has suggested the possibility of inducing lysis by 
bacteriophage. The lytic action is rapid and the treatment mild, hence one might antici- 
pate that enzymes would he liberated with little inactivation. 

FREEZING AND THAWING OF CELLS 

Bacterial enzymes often may be released into solution by rupturing the cell with 
alternate freezing and thawing. such a method Avery and Neill (1924) prepared a cell- 
free extract of pneumococci that formed peroxide when exposed to oxygen. The cells from 
a broth culture were recovered by centrifugation and suspended in one volume of phosphate 
buffer or nutrient broth for each 35 volumes of the original culture. This suspension of 
unwashed cells waa placed in long, narrow tubes, sealed with vaseline, and alternately 
frozen and thawed rapidly 6 to 9 times. The cell debris was sedimented by 3 or 4 high 
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speed centrlfi;igatlona. The material did not lose Its activity on passage through a Berke- 
feld filter under an atmosphere of nitrogen. 

Kbspsell and Johnson (19*»2), in their studies of the pyruvic acid metatolism of 
Clostridium hutyllcum , used a cell-free solution prepared hy freezing the hacterla. Wet 
cell paste, as taken from the Sharpies aupercentrlfuge, was packed In stoppered tubes and 
frozen Immediately after harvest. While frozen, the cells slowly ruptured and released 
their contents. After 12 days 85 g. of cell paste was evenly suspended In tolled, cooled 
water, to give 250 ml. volume, and centrifuged. The supernatant llq,uid contained moat of 
the original activity of the cells. This supernatant was dried under high vacuum and as a 
dry powder remained stable for some months. 

COMMENTS 

It has been our purpose to emphasize means of preparing cell-free juices which re- 
quire relatively simple equipment, to stress the methods we have personally employed, and 
to describe briefly and cite references to other procedures. Unquestionably the Booth- 
Sreen mill arjd properly designed supersonic apparatus will yield excellent enzyme prepara- 
tions from bacteria, but the equipment necessary is not widely available. The powdered 
glass grinding method of Wlggert, Silverman, Utter and Werkman (19^0) and the modification 
described by Utter and Werkman (19^2) has much to recommend It, because of Its general 
application and because It Involves only mild treatment. Dried cells are also widely ap- 
plicable and are prepared readily by the methods described In the following section. 

R. B. Burri* 


DRYING CELLS 

This has proven to be one of the most efficient and convenient methods of preparing 
enzyme preparations from bacterial cells and a surprising number of enzymes have been 
found to be stable to the treatments described. Dried preparations are normally of two 
types; those obtained by acetone treatment and those obtained by lyophillzation (drying 
from the frozen state ^ vacuo ) . 

Acetone Preparations : These are similar to the preparations made from animal tissues. 
A bacterial suspension, usually a thick cream. Is added dropwise to at least 10 volumes of 
Ice cold, dry acetone which is vigorously stirred. When the entire suspension has been 
added It will usually flock and If stirring is discontinued the cells will settle rapidly. 
If flocking does not occur, more dry acetone should be added. After settling for 5"10 
minutes, the supernatant is decanted off and the remainder filtered (usually with suction). 
The residue on the filter is treated with a small portion of dry, cold acetone which Is 
sucked off as rapidly as possible. Some prefer to wash the preparation with alcohol or 
alcohol- ether mixtures tut our own experience la that this is usually best omitted. The 
residue is spread on filter paper and dried either In air or under a alight vacuum. 

Vacuum Dried Preparations : The bacteria are suspended In distilled water to form a 
heavy suspension. 'This should contain enough water so that it will flow freely and must 
be more dilute than a paste. Various methods for drying the cells are then used. In one, 
the suspension la placed in a flat dish in a desiccator over Drlerlte (or CaClp, 

concT. HgSQj., etc.) and the desiccator evacuated with a rotary oil-sealed pump. The water 
is drawn off rapidly enough so that the cells freeze during the first five minutes of 
evacuation and subsequent drying is from the frozen state. Normally, one leaves the pump 
on for about 3-4 hours, and allows the preparation to remain luider the vacuum in the 
desiccator for 8-10 hours more before opening. In another method, the cell suspension is 
first frozen (usually In dry ice) before the evacuation la begun. In a third, the suspen- 
sion is frozen in a thin layer by rotating the container in a bath of dry ice ( "shell dry") 
before the evacuation. 

Use of Dried Preparations : Once obtained, the preparation is first tested for activ- 
ity and if this is present it la likely to be stable for relatively long periods (especial- 
ly if the preparations are kept cold and dry). However, the enzyme usually is not yet in 
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the cell-free state and permeability, while It may be altered, la aometimes not sufficient- 
ly different from the living cell to permit extraction of the enzyme. Autolysls may per- 
mit the extraction of the system one is Interested in. However, when extraction procedures 
of this type do not work It is frequently possible to obtain the enzyme desired In a cell- 

free state by grinding the powder lui vacuo . 
This Is accomplished by a method developed 
by Sunsalus and Umbreit (19^5) as follows: 

Into a round bottom flask with a ground 
glass neck are weighed 100-500 ng. of the 
dried cells. Glass beads of varying sizes 
are then added until the bottom surface of 
the flask is covered. The stopper contain- 
ing a stopcock Is Inserted and the whole 
system evacuated with a rotary oil- sealed 
pump. The stopcock Is closed, the flask 
removed from the vacuum pump and attached to 
a motor which rotates the flask slowly. A 
convenient support is a funnel containing a 
light oil as Indicated In the figure. Eota- 
tlon is at such a speed that the beads roll 
In the flask rather than tumble over each 
other as In the typical ball mill. The mill 
Is allowed to run forabout 8 hours (or over- 
night) by which time 90"95^ of the cells 
will have been destroyed. The mill appears 
to break the cells largely by a shearing action and it apparently is effective because the 
beads become coated with cells and rotate rapidly. When contact with a similar rotating 
bead is achieved the bacterial cell wall apparently is ruptured by the forces Involved. 
After grinding, the air Is slowly let into the flask, the water, buffer, or extracting 
solution added and the suspension removed. It is clarified by centrifugation or settling. 
Numerous enzymes may be obtained from bacteria in this way. 

PHEPAHATION OF MOLD AND ACTINOMYCES TISSUES 

Both molds and actlnomyces normally grow as a heavy mat over the surface of media. 

This mat may be handled In much the same manner as animal tissues. It may bs removed, 
washed with water and out into siloes. Semeniuk ( 19 **'*) has used a process roughly equiva- 
lent to the homogenate technique in which the nycelium was ground with sand. The use of 
the homogenlzer itself (see Chapter ll) has not been. In our experience, very satisfactory 
since most of the activity of the tissue was lost and various supplements had little ef- 
fect. 

A second technique which is used with both molds and actlnomyces (Woodruff and Foster, 
191*3) la ho grow the iiyoellum in a submerged state with aeration. This is done either by 
forcing sterile air through the medium or by continual shaking of the culture flasks. In 
the latter the usual procedure is to use_ about 100 ml. of medium in a 250 ml. flask 
(Erlenmeyer) and to place the inoculated flask in a shaker which operates with a 2 to *+ cm. 
stroke at a speed of between 60 to 100 cycles a minute. Under these circumstances pel- 
lets" of nyoellum are formed which can be pipetted readily. One precaution should bs 
noted; such pellets may not have the same metabolism as the n^ycellum grown on the surface. 
Knight (191*8) has studied the 1 -amino acid oxidase of penicillin-producing molds in prepa- 
rations of mycelium that were treated with acetone, dried and ground. Various prepara- 
tions of mold and actlnomyces tissue may also be employed in the study of phosphoiylation. 
So far as present knowledge of phosphorylation extends it apparently differs from the 
known processes of animal tissues (Mann, 19 l* 3 i Semeniuk, 191*1*), if, indeed, it exists in 
molds (Nord, Dammann and Hofstetter, 1936 ; Nord, 1939 ) • 

BUFFERS 

It Is assumed that the reader is familiar with the concept of pH. We wish here mere- 
ly to develop the "pKa" concept and to show its usefulness. 



Mill for jrlndlng dry bacterial cetta. 
The funnel eey be plugged end filled with 
light oil to aerve aa a lubricant. 
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Any aold, capable of Ionization, when placed in an agueona solution will liberate 
hydrogen Iona according to the following equation: 

g*' + k 


or 


(H’’)(A-)/hA = K 

If ons takes the logarlthma of both sldea of the equation one has, 

log (fl^)(A-)/M = log K 

log H'*’ <■ log A" - log HA = log K 

log H*’ = log K *■ log HA - log A" 

-log H^ = -log K ♦ log A"/HA 


.Under practical clrcumatances, any salt of the acid present will contribute A" ions, hence 

PH= -logK.(lpg2^) 

The term -log K may be expressed as pKa (Equation 50) : 

(50) pH = pKa * |log 

It would thus appear from equation (50) that when the acid is half neutralized, the 
pH of the solution would be pKa. And when lO^t of it were neutralized, roughly, (pH = pKa 
♦ log l/lO = pKa -1) the pH would be 1 unit lower than the pKa; when 90)t was neutralized, 
the pH is roughly 1 unit higher than the pKa. Over the range of physiological activity 
one can thus pick buffers which will maintain the pH relatively constant. 

A base will dissociate as follows: 


BOH; 


or 


_ (B^) (0H-) 
0 ' BOH 


taking the logarithm of both sides: 


log = log B* * log OH" -log BOH 
-log OH" = -log Kt + log — 


, _ , salt 


-log OH may be expressed as pOH. 

But since the. dissociation constant of water Is 1 x 10"^^, 

pH = l4 - pOH, hence pOH = l^ - pH 
14 - pH = -log Kt > log ffii 

pH = 14 . 1<^ Kq, - log 
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log K-j) can be designated as pK^, hence this equation may be expressed as: 


pH = 14- - pK^j - leg 


salt 

base’ 


or 


POH = pKb * log ^ 


Some examples of the use of the pKa and pKj, relationship are as follows; 

1. Acetic acid: K = 1.86 x 10'5 and pi^ = 1^-73; hence acetate-aoetlc acid mixtures 
would be suitable as buffers over the range 3.7 - 5.7 (representing 10 - 90 i 
neutralization). 

2. Similarly, for phosphoric acid: 

H 3 PO 4 , KHgPQ^: Ki = 1.1 X 10-2; pK^ = I. 959 ; pH range, I- 3 . 

KH 2 P 04 ^=± KpEPOl;; Kg = 2 x 10-7; pK^, = 6.7; pH range, 5.7 - 7 . 7 . 

KgHPOi^,; — 1 KjPOh; Kj = 3-6 x lO"^?; pK^ = 12.lt; pH range, 11. i - I 3 .I. 

3- For bases, ammonium hydroxide haa a basic dissociation constant of 1.8 x 10‘5 and 
a pK^i of I. 7 I. Ammonium hydroxide - ammoalun salt mixtures would serve as buffers 
over the range 8.5 (l^f - 5.7‘0 to 10.3 (1*^ - 3.7‘^). In the case of bases, the 
lower the numerical value of the dissociation constant, the lower the pH at which 
they serve as buffers. 

In Table XXI are collected the dissociation constants, pKg and pK^j values, and the 
pH at which they serve as buffers for a variety of acids and bases. This table should 

aid In the search for some material, other than the usual type of buffer, suitable for 

obtaining a particular pH. 


The usual buffers are shown in Fig. 50; the data taken from Clark (1920) have been 
corrected to the currently accepted values for pH. The use of this chart is obvious but 
a few examples will serve to clarify the working details. 


1. Desired: 


0.05 M buffer of pH 5 . Take 50 ml. of 0.2 M phthalate plus 21.5 ml. 
of 0.2 M HCl and dilute to 200 ml. 


2. Desired: 


0.05 M buffer of pH 5. Take 50 ml. of 0.2 M phthalate plus 22.5 ml. 
of 0.2 M NaOH and dilute to 200 ml. 


3 . Desired: 


0.067 M phosphate buffer of pH 6 . 7 . Take 6.0 ml. of 0.06? M KHgPCh 
plus h ml. 0.067 M Na 2 HP 04 . 


4. Desired: 


0.05 M buffer of pH 9 . Take 50 ml- borate-KCl mixture plus 20 ml. 
0.2 M NaOH and dilute to 200 ml. 


One note of caution should be emphasized. The composition of the buffer is not to 
be disregarded In physiological experiments. One must take care that effects observed by 
altering the pH are due to change in hydrogen Ion concentration and not to other altera- 
tions of the buffer. 


If. If. Umbr€it 
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UBLE XX i 

Properties of Acids end Beses Suitsbie for Buffers 


Acid or 

"baae (indanted) 

Dissociation 

Constant 

PKa 

PKh 

Buffer 
at pH 

I^yrophoaphorlo 

Kl 

l.lt X lO'^- 

0.854 


1 


K2 

1.1 X 10‘2 

1.959 

- 

2 

Phosphoric 

% 

1.1 X 10‘2 

1-959 

- 

2 

o-Amlnohenzoic 


1.4 X 10'12 

- 

11.854 

2.1 

Glyclr]^ 


4.4 X 10‘^2 

- 

11.647 

2.3 

a- Aland na 


5.1 X 10"12 

- 

11.293 

2.7 

Malonic 

Kl 

1.6 X 10“5 

2.88 

- 

5 

Phthallc 


1.26 X 10'5 

2.90 

- 

3 

Tartaric 

Kl 

1.1 X 10'3 

2.96 

- 

5 

Salioyllo 


l.o6 X 10'5 

2.98 

- 

5 

Fumarlc 


1 X 10-3 

3.0 

- 

5 

Citric 


8.0 X lO-J^ 

5-1 

- 

5 

Sulfanillo 


6.2 X 10"* 

3-22 

- 

5 

Brucine 

Kg 

2.5 X lO-ll 

- 

10.602 

3.5 

Mandellc 


4.29 X 10.*'* 

5.56 

- 

5.5 

Malic 


4,0 X 10'^ 

5.39 

- 

5.5 

Hlppurlo 


2.5 X 10-\ 

5.64 

- 

5.5 

Formic 


1.76 X 10'^ 

5-76 


4 

Lactic 


1.58 X 10 -^ 

5.86 

- 

4 

Barbituric 


1.05 X 10*'* 

3.98 

- 

4 

Tartaric 

Kg 

6.9 X 10*5 

4.16 

. 

4.2 

Succinic 

^1 

6.6 X 10 “5 

4.18 

- 

4.2 

Oxalic 

Kg 

6.1 X 10-5 

4.21 

- 

4.2 

Quinine 

Kg 

5.5 X lO'lO 

- 

9.481 

If. 5 

Fumarlo 

Kg 

3 X 10*5 

4.52 

- 

4.5 

Acetic 


1.86 X 10-5 

K .75 

- 

1.7 

Citric 

Kg 

1.8 X 10-5 

4.75 

- 

4.7 

Aniline 


4.6 X 10-1° 

- 

9.337 

4.8 

Valerio 


1.6 X 10'5 

4.80 


4.8 

Butyric (n-, Iso-) 


1.48 X 10-5 

4.83 

- 

4.8 

Propionic 


1.4 X 10-5 

4.86 

- 

4.9 

Methylamlne 


1 X 10-5 

- 

9-0 

5.0 

Quinoline 


1 X 10-5 

- 

9.0 

5 

Malic 

Kg 

9 X 10'6 

5.05 

- 

’ 5.1 

Benzoic 


6.3 X 10'8 

5.21 

- 

5.2 

p-Toluldine 


2 X 10-9 

- 

8.70 

5.3 

Pyridine 


9.19 X m-9 

- 

8.66 

5.3 

Citric 


4 X 10-6 

5.4o 

- 

5.4 

Phthalic 


5.1 X 10-8 

5.51 

- 

5.5 

Succinic 

Kg 

2.8 X 10-8 

5.56 

- 

5.6 

Malonic 

Kg 

2.1 X 10-8 

5.68 

- 

5-7 

Uric 


1,5 r 10"^ 

5.83 

- 

5.8 

Carhonic 

Kl 

5 X 10-7 

6.55 

- 

6.5 

Pyropbosphorlc t 

K, 

2.9 X 10-7 

6 . 5 ^ 

- 

6.5 

Maleic 

Kg 

2.6 X 10-7 

6.58 

- 

6,6 

Phosphoric 

Kg 

2 X 10-7 

6.7 

- 

6.7 

Strychnine 


1 X 10-7 

- 

7.0 

7.0 

Quinine 

Kl 

2.2 X 10-7 

- 

6.6 

7.5 

Pyrophosphoric 


5.6 X 10-9 

8.44 

- 

8.4 

a -Alanine 


9 X 10-10 

9.10 

- 

9.1 

Boric - 


6.4 X 10-10 

9.20 

- 

9.2 

ttlyclne 


1.66 X 10-10 

9.78 

- 

9.8 

Phenol 


1.5 X 10 - 1 ° 

9.89 

- 

9-9 

Amnonlum hydroxide 


1.8 X 10-5 

- 

4.74 

9-3 

D1 methylamlne 


5.6 X 10-5 

- 

4.44 

9.6 

Butylamlne (sec.) 


4.4 X 10-K 

- 

5.36 

10.6 

Methylamlne 


5 X lO-'* 

- 

5.50 

10.7 

Di methylamlne 


5.2 X 10 -'^ 

_ 

5.29 

10.7 

Ethylamlne 


5.6 X 10 -K 

- 

3.25 

10.7 

Brucine 

Kl 

7.2 X 10-K 

- 

5.1*» 

10.8 

Phosphoric 


5.6 X 10-13 

12.44 


12.4 

Salicylic 


1 X 10-^3 

15.0 

- 

13.0 






Sraph Indicating coapoaitlon of buffers. 
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Chapter XI 

THE HOMOGENATE TECHNIQUE 


PRINCIPLES 

Tile use of homogenates assumes for purposes of methodology that any chemical reaction 
which occurs in living cells will also occur in cell-free preparations of protoplasm; that 
this assumption is not unjustified has become evident during the years since publication 
of the original paper (Potter & Elvehjem, 1936). Homogenates consist of suspensions of 
the particulate components of protoplasm Including mitochondria, mlcrosomes (Claude, 19 ^ 3 ), 
secretory granules, etc. plus a solution of the freely soluble diffusible components of 
protoplasm such as Inorganic Ions, coenzymes and carriers. If such preparations are 
properly made it la possible to dilute them until the endogenous oxygen uptake is virtual- 
ly abolished, and then by the restoration of appropriate soluble factors at the proper 
concentration it is possible to study the reactions of any enzyme desired, to the exclu- 
sion of other enzymes uhoae cofactors or substrates have been eliminated by dilution. Hie 
method was devised in order to be able to assay quantitatively specific enzymes in the 
tissues of experimental anlitals. It was necessary to develop methods which would be ap- 
plicable to whole tissue homogenates rather than to any extracts thereof, since any extrac- 
tion method would be Inexact because the completeness of extraction would be unknown. The 
homogenate methods are therefore designed to isolate a particular reaction , and, by so 
doing, to determine quantitatively the specific enzyme which catalyses the reaction. The 
methods have been applied to tissue samples as small as I3 n^. (Immature rat ovaries) and 
are adapted to rapid manipulatlpn. It remains to be seen how many enzymes can be studied 
by this technique, but several applications will be described. ■, 

In addition to the assay methods, the homogenate technique lends itself to the study 
of reaction mechanisms which involve a number of coordinated enzyme systems, and to the 
development of procedures for the testing and fractionation of new enzymes. ^ aiding 
certain oofaotors and substrates and omitting others it is possible to effect a recon- 
struotlon and integration of particular enzyme organizations which represent segments of 
cell function. 


CONSTRUCTION OF THE HOMOGENIZER 


The apparatus consists of a test-tube and a close-fitting power-driven pestle 
^S- 51 )- The original homogenizer consisted of a I6 x 150 mm. pyrex test tube and 
pestle which was made by sealing off one end of a 220 mm. length of 
6 mm. capillary tubing and blowing a thick-walled cylindrical bulb 
about 20 mm, long, using a slightly larger test-tube for mold. 

Later it was found advantageous to form the bulb from a piece of 
thick-walled glass tubing whose outside diameter is that of the in- 
side of the test-tubes. The large tubing is sealed to the capil- 
lary tubing, then constricted and sealed off at a length of about 
20 mm., and molded in the test tube as ^fore. For working with 
extremely small tissue samples. It Is convenient to use email 
homogenizers, in which case 13 x 100 mm. 'pyrex tubes can be used, 
and the pestles can be blown from 6 mm. capillary tubing as in the 
original method. The final operation is the sealing of 6 or 7 
small beads of about 2 mm. diameter to the bottom of the pestle to 
form cutting teeth. The device is then ready to grind. The beads 
are ground down on emery cloth so that each one has a flat surface 
which will approximate the inside of the bottom of the test tubes. 

This gives ttam a right-angled cutting edge which remains until the 
teeth disappear with continued use. Pestles with teeth less than 
1 mm, high are beat. It is desirable to have five or ten outfits 
on hand and to' have a number of test tubes for each pestle. The 
sides of the pestles are ground with a few moments operation in 
an over-size test-tube containing a light suspension of fine car- 
borundum powder in water. The tubes are ground similarly, using 


(see 

a 
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an undsrslze peatle. The object is not to produce a ground glass surface over the entire 
area of the grinding aurfacee, hut rather to eliminate all of the irregularities from "both 
the tubes and the pestles. When the grinding la completed, pestles and tubes are matched 
hy testing them with water in the tubes: the tubes should fall off the pestles very slow- 
ly when not supported. ^ The clearance is then 0.10 - 0.12 mm. For any given peatle, it Is 
well to have both tight-fitting and loose tubes, and as wear takes place, new tubes can be 
fitted to the pestle. (The presence of powdered glass in the homogenates can introduce 
serious errors into dry weight determinations where these are made by evaporating allquota 
of dilute homogenates. M. 0. Schultze has found that Luclte can be used to construct 
pestles, as it can be machined to any desired dimension- It was said that Luoite pestles 
do not erode glhas from the test-tubes and that the resulting homogenates yield valid dry 
weight data.) 

In Cori'a laboratory, the pestles have been made from stainless steel. We also use 
stainless' steel pestles for certain operations such as grinding tissues in trichloracetic 
acid for analytical purposes. In which case loose fitting tubes are used. The bulb of the 
pestle was machined to size and threaded so that a 6 mm. threaded rod could be screwed in- 
to it. The bottom of the peatle was scored to form cutting teeth. 

The homogenlzer is powered by a cone-driven stirring motor of the Cenoo or Sargent 
type, operated at a speed of about 1000 r.p.m. The use of a cone-drive motor prevents 
breakage because when a piece of connective tissue or muscle Jams between the pestle and 
the tube, the friction drive slips Instead of breaking the pestle. 

Unground glass pestles may be obtained from Erway Glasablowing Company, Oregon, 
Wisconsin. 


THE USE OF THE HOMOGENIZER 


Homogenates are usually not prepared until the reaction mi-xtures have been aided to 
all of the vessels. The animal is usually killed by decapitation and the desired organ is 
quickly excised and placed in cold isotonic medium in a small beaker surrounded by cracked 
ice, as a general "procedure. For assay purposes, a representative tissue sample should be 
taken, this Is no problem in the case of most organs such as liver or muscle, but In the 
case of kidney and brain it is best solved by using one whole kidney or a specified lobe 
of the hraln. Unless the amount of tissue is limited, it is well to take a sample weigh- 
ing between 500 and 800 milligrams wet weight. The tissue can be accurately and speedily 
weighed on a torsion balance of one gram capacity graduated in fifths of a milligram, such 
as is made by the Eoller-Smith Company. 


The weighed tissue is dropped into a homogenlzer tube which contains 1 ml. of medium, 
which may be distilled water, isotonic KCl, isotonic sucrose or some other solution that 
will be determined by the needs of the assay. In recent work an alkaline isotonic KDl has 
been used. This consists of 0.15**- M KCl pliis 8 ml. of O.Ot M KHCOi per liter. The final 
homogenate should have a pH of about 7-0. To make a ten per cent homogeimte It is simpl- 
est merely to add 9 times the weight of the tissue (minus the one ml. which was originally 
In the tube). Very often more dilute homogenates are used. These are conveniently made 
by diluting an appropriate amount of 10 per cent homogenate, without further grinding. 

For some work it is unnecessary to chill the tissue, the homogenlzer and the medium. How- 
ever, it la desirable In many cases and we find it convenient to keep the motor in the 
cold room, while the homogenlzer tube is kept in cracked ice when the tissue is being 
weighed and the calculations are being made. 


The homogenlzer functions by tearing up the tissue with the cutting teeth and then 
grinding it between the walla of the tube and the walls of the peatle. According^, the 
tube is moved up and down rapidly in order to force the tissue back and forth past the 
grinding walls, Die pestle is supported rigidly in a chuck on the of the 

stirrer. Various investigators have used a short length of pressure tubing to effect a 
universal Joint between the drive shaft and the peatle. This is not satisfactory for the 
production of cell-free homogenates unless the homogenlzer tubes and pestles are almost 
perfectly matched. On the other hand, imperfectly fitting tubes and pestles can ^ used 
quite successfully when the peatle is supported rigidly, if the operator pushes the tube 
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laterally while working It up and down so that the clearance between pestle and tube is 
zero on one side. One has to avoid breaking the pestle, of course. 

The completed homogenate will be relatively cell-free but will contain shreds of con- 
nective tissue which tend to clog ordinary pipettes. It is advisable to use pipettes that 
have slightly enlarged openings at the end for pipetting homogenates. These are easily 
prepared when the tips are drawn out, an operation which should be done with all pipettes 
used for this type of work anyway. Mohr pipettes are used. 

Homogenates should not be stored and used later on in the same day unless this fact 
is recorded with the data. Many enzymes which have been too labile to study thus far by 
other techniques can be studied by naans of fresh homogenates. 

PREPARATIONS 

Thus far all the respiratory enzyme systems which have been studied by the homogenate 
technique have been found to require the addition of cytochrome o and it should be added 
whenever these systems are being investigated. Indeed, one of the main experimental 
developments which made it possible to develop the use of homogenates was the preparation 
of cytochrome c by Kellin and Hartree (1937) which is described in Chapter l6, page 211. 

Cytochrome c can become limiting in a homogenate, and can be added back to the reac- 
tion mixture to make other blocatalysta the rate-determining factors. If they can be ob- 
tained free from the enzymes under assay, other enzymes that are soluble can be similarly 
used. They also must be free from enzymes that are damaging to the enzyme systems under 
assay. It is possible to prepare solutions of enzymes free from the particulate compon- 
ents which function in the electron transmitting systems. These solutions contain the 
enzymes of glycolysis and are sometimes called Meyerhof extracts. They are also rich in 
the various coenzyme I dehydrogenases (Green, Needham and Dewan, 1937; Dewan and Green, 
1938). Such preparations have been used to fortify homogenates in the study of triose- 
phosphate dehydrogenase (Potter, 19h0) and for the study of malic dehydrogenase and the 
coenzyme I-oytochrome 0 reductase (Potter, 1914). We have followed the method of Green, 
Needham and Dewan and found it satisfactory. Description of the preparation of these 
materials will be found in Chapter I6, page 218. * 

The study of interrelations between the respiratory enzymes and the phosphorylation 
systems can be studied oonvenlently by means of homogenates, provided the necessary com- 
ponents are present. One of the compounds that is most frequently needed is adenosine- 
triphosphate (ATP), because it is the common denominator for so many of the interlocking 
reactions of phosphorylation respiration. Plirthermore, the compound forms the starting 
material for the preparation of its derivatives, which include adenosinedlphosphate (ADP) 
and aden03lne-5-monophosphate (adenylic acid), and the inosine series of compounds. Until 
recently these compounds could not be purchased but several have now beep placed on the 
market by several commercial organizations, including Schwartz Laboratories, Eohm and Haas, 
Ernst Blschoff, and Armour and Co. These preparations vary somewhat in purity and should 
be tested at various levels in biological systems. Slight metallic impurities have the 
effect of decreasing the activity of an enzyme system when increasing amounts of nucleotide 
are added, in contrast to results obtained with preparations of high purity in which a 
broad plateau of maximum activity is observed. If the amount of homogenate added is 
varied, a plot of rate vs. homogenate yields a straight line passing through the origin 
with pure preparations. With impure preparations the line intersects the homogenate axis. 
The methods for preparing ATP have been given by Lohmann and Schuster (1935) and by Need- 
ham (19^2). Its preparation is described in Chapter 16, page 204. 

Of the remaining substances that are needed for Investigations involving homogenates, 
little can be said except to emphasize purity. We have obtained Merck products such as 
ascorbic acid, cysteine and other andno-acide whenever this has been possible. Merck also 
has been able to provide cocarboxylase. I^ruvic acid obtained from any source must be 
redistilled at 3*5 mm. Sg, preferably twice (Lipsohltz, Potter and Elvehjem, 1938). The 
product should be diluted to approximately 1 Normal (addition of about 17 volumes of waten 
Sp. Gr. of pyruvic acid is 1.268). The diluted acid should be standardized, and adjusted 
immediately before using, by the addition of the theoretical amount of bicarbonate solu- 
tion to a diluted pyruvic acid to give a final concentration of 0.1 N, and the pH should 
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never rise atove 6.8 during the neutralization. Sobertaon (191*2) has purified pyruvic- 
acid y precipitating the sodium salt from alcohol, see page 208. Potter and Schneider 
(1942) purified sodium succinate (•6H2O) by alkaline precipitation of metals and reorvstal- 
llzatlon. Malic acid can be obtained from Pfanatiehl or Eastman. Citric acid la readily 
available but lao-oltrlc acid la not. However, Pucher, Abrahams and Vickery (I9I8) have 
obtained the latter from Bryophyllum leaf tissue. Hexosedl phosphate and DPN (dlphospho- 
pyridine nucleotide, cozymaae, coenzyme I) can be obtained from Schwartz Laboratories 
Inc., and glutathione from the B. L. Lemke Company. ’ 


RESPIRATORY ENZYMES 

Succinic dehydrogenase and cytochrome oxidase ; The technique for assaying animal 
tissues for these two enzymes was described by Schneider and Potter (I9I+5). The assay for 
cytochrome oxidase was carried out on the same tissue samples as the assay for succinic 
dehydrogenase, and It was found that In all cases the oxidase was present in wide excess 
over the dehydrogenase. This means that when succinate is the substrate the limiting fac- 
tor Is the enzyme (or enzymes) which oxidize succinate and reduce cytochrome c, that is 
succinic dehydrogenase. On the other hand, when cytochrome 0 Is reduced chemically, the 
limiting factor la the enzyme (or enzymes) which brings about the reaction between cyto- 
chrome c and oxygen, that is, cytochrome oxidase. Although both enzynes may consist of 
more than one component they may be treated as single entities for assay purposes. The 
sequence of reactants in the two cases shows the relation of the two assays. 

Succinic Dehydrogenase assay : (Rat Liver Qog = 88) 

Succinate ►Succinic Dehydrogenase — ►Cytochrome c ►Cytochrome Oxidase —►O^ 

Cytochrome Oxidase assay : (Rat Liver Qog = 592) 

Ascorbate » Cytochrome 0 ►Cytochrome Oxidase *0^ 

In every tissue thus far examined the preponderance of cytochrome oxidase over suc- 
cinic dehydrogenase has been great enough to make the succinic dehydrogenase assay a valid 
one. One would expect the cytochrome oxidase system to have a greater capacity for elec- 
tron transfer than any one of the systems which funnel into It, and the fact that such la 
the case makes It technically possible to measure the capacity of the component systems. 

The assay has been arranged so that one sample of tissue can be assayed for both enzymes 
using six flasks and manometers set up as follows, using rat liver as an example; 


TABU XXII 

RMCtion Nixtures and Resulta in the 
Succinic Beliydroganaae-Cytochroaa Oxidaaa Assay (ST^C.) 


The center cups contained 0.2 ml. 2N MaOB + 3 Sq. cm. folded filter 'paper; War- 
burg flasks without sldearms; 10 minutes equilibration. Reactants and homogenates 
at room temperature prior to assay. 

Flask No. ; 1 2 2 4 2 6 



ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

HgO (to make 3-0 ml.) 

0.6 

0.5 

0.9 

0.3 

0.25 

0.20 

0.1 M POl^ pH 7-4 with NaOH 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.5 M Na-Succlnate pH 7-^ 

0.5 

0.5 

0.3 

-- 

-- 

__ 

1 X 10"4 M, Cytochrome c 

0.4 

0.4 


-- 

-- 

.. 

2.4 X 10"^ Cytochrome C 

-- 

-- 

-- 

1.0 

1.0 

1.0 

4 X 10-5 M. CaClg 

0.5 

0.3 

0.5 

-- 

-- 

.. 

4 X 10-5 M. AlClj 

0.5 

0.3 

0.3 

0.3 

0.3 

0.3 

0.114 M. Ma-ascorbate pH 7.0.* 

-- 

-- 

-- 

0.5 

0.3 

0.3 

1$ rat liver homogenate In water ** 

-- 

-- 

-- 

0.10 

0.15 

0.20 

55t rat liver homogenate In water ** 

0.1 

0.2 

0.2 

-- 

— 

— 

yl. O2 uptake per 10 min. 

(average of four 10 minute periods) 

20.0 

42.0 

8.0 

50.4 

43.2 

56.0 


^*Prepared by adding 1 ml. of 0.1 N NaOH to 20 mg. of ascorbic acid Just before use. 
Diluted from 10 per cent homogenate. 
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The plan does not include a measurement of the endogenous oxygen uptake of the liver 
■because experience has shown that this ia insignificant. However, it is well to establish 
this, point in any new work, especially if larger amounts of tissue are used. The amount 
of tissue is usually chosen so as to give oxygen uptake values of approximately the range 
Indicated. The treatment of the data will now be described: 


Succinic dehydrogenase : The necessary data are given by flasks 1 and 2. The assay 
la always run at two levels of tissue rather than with duplicates at the same level, be- 
cause this technique has the advantage of providing continual proof that the uptake is 
proportional to the tissue concentration. The data are reported finally as that is, 

the microliters of oxygen taken up per hour per milligram of dry weight. However, the 
data are first converted to the IO/20 ratio, which ia the average oxygen uptake per 20 mg 
of fresh tissue per 10 minutes (or 10 mg. fresh tissue per 20 minutes). Since the read- 
ings are taken at 10-minute Intervals and the homogenates are prepared in strengths of 
1, 5j or 10% the 10/20 ratio can usually be calculated mentally, and its usefulness lies 
in the fact that it la identical with the when the per cent dry weight of the tissue 
is 30 %- This ia the value most frequently found for rat liver. To illustrate, the data 
from flasks 1 and 2 are used to obtain the I0/2O ratio and to calculate the 

The 10/20 ratio = ^4 x 20) + (2 x 42)]/ 2 = 82 

The = 82 X 6 X 1/20 X 100/50 = 82 


When the per cent dry weight is not 50, the I0/20 ratio is multiplied by 
to give Qgg. The should be defined according to the substrate which 
data from flasks 1 and 2 therefore give the succinate Qog- 


^ 

per cent dry wt. 
is used. The 


Cytochrome oxidase : The cytochrome oxidase assay is complicated by the fact that the 
substrates are all more or less autoxldlzable and are generally affected by traces of cop- 
per or catalysts other than the cytochrome system. We selected ascorbic acid as the best 
reduotant for the system, but it also has some autoxidatlon, the measurement of which can- 
not be made simply by putting the substrate In a flask with the buffer and measuring the 
rate of oxidation. We have found that the best way to measure the autoxidatlon rate is to 
extrapolate to zero tissue concentration from a series of three different tissue concen- 
trations as in the table, in which flasks 4, 5 and 6 contain 1.0, 1.5 and 2.0 mg. of fresh 
liver, respectively. The autoxidatlon rate is obtained ^ this case by substratlng the 
increments Ih the last two flasks from the value of the first flask; 


50.4 - (12.8 + 12.8) = 4.8 

This value is then subtracted from all the values, and the I0/20 ratios are calculated. 

The oxygen uptakes corrected for autoxidatlon are then, respectively, 25.6, 58.4 and 51.2 
and the IO/2O ratios are 256, 256 and 256 and the ascorbate Qog is therefore 512. 

In the paper by Schneider and Potter (I945) this figure was accompanied by a correc- 
tion factor that was based on what is now referred to as a "cytochrome quotient" (see 
Schneider, Claude and Hogeboom, 1948). The correction was based upon the observation that 
the oxidation of ascorbate was more rapid in the conditions which decreased the oxidation 
rate on succinate in the absence of cytochrome c. Such conditions appear to cause the 
disruption of the mitochondria and the phenomenon may mean that the cytochrome oxidase in 
Intact mitochondria is less available to ascorbate and cytochrome c than is the oxidase 
in disrupted mitochondria. It is probably appropriate to use the technique that gives 
the maximum rate and to apply no correction, although further studies need to he made. 

The conditions which have been described as optimum for this enzyme system probably 
apply to other tissues as well, but should not be assumed to do so. 

Malic deh.7 drogenas e and SFN-Qytochrome C-reductase : It appears likely that these two 
enzyme systems can be assayed by utilizing the cytochrome system as the terminal connec- 
tion with oxygen, since the cytochrome oxidase seems to he present in considerable excess 
(see preceding section). Handler and Klein (1942) showed that DPN is rapidly broken down 
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in homogenates and one might expect that the studj of coenzyme aystema might he imposalhle 
in homogenates. However they also showed that the breakdown la inhibited by nicotinamide 
as had been reported by Mann and Quaatel (1941). Oxalacetate, the product of malate oxl-* 
dation, powerfully inhibits the reaction and unless it is removed the system cannot be 
studied. Its oxidative removal, besides being difficult to accomplish, would complicate 
the results. The oxalacetlc acid is therefore removed by means of the transaminase reac- 
tion, which Straub (1941) utilized for this purpose. Transaminase is present in the ho- 
mogenate. The reaction sequence is: 

Malate -mallc dehydrogenase-DPN — DPH-cytochrome c-reductaae- - cytochrome c-- 

cytochrome oxldase--oxygen. 

The underlined reagents are added in excess; the side reactions are controlled liy adding 
nicotinamide and glutamate; the limiting factor is malic dehydrogenase when the cytochrome 
reductase is present in excess. In order to assay for the reductase, one must add malic, 
dehydrogenase in excess; this can be done by adding a Meyerhof extract, the preparation of 
which has been described (page 158). The system appears to require a higher concentration 
of cytochrome c than does the succinate system. An assay can be carried out for both 
enzymes in duplicate using ^ flasks and manometers as follows, with no controls described. 
The removal of oxalacetate is still not 100^ efficient and this probably accounts for the 
rapid slowing of the reaction. The data are therefore based on the first two five-minute 
readings, while a third reading is taken to show that the reaction has not slowed appreci- 
ably in the first fifteen minutes. The system has been studied in rat liver, which la the 
only tissue for which an attempt has been made to describe optimum conditions (Potter, 
19^6) . The system probably could be improved further by adding purified transaminase 
(Schlenk and Fisher, 19*17) and malic dehydrogenase (Straub, 19h2) . With the development 
of the glycolytic reaction system (see below), a better cytochrome reductase system might 
be developed using this system to reduce DPN instead of using the malic system. A spec- 
trophotometric method for DPN-cytochrome c reductase has been used by Potter and Albaum 
(19^5) but has not been developed as an assay. 


TABLE XXI n 


Reaction Nlxturea In the Halle Dehydrogenase and 
DPN-Cytochroae c Reductase Assay (37^C.) 


(0.2 ml. 2N NaOH + 5 sq. cm. filter 

Flask No. 

paper in center cup) 

1 2 5 

4 


ml. 

ml. 

ml. 

ml. 

HgO 

0.7 

0.6 

0.1 

-- 

0.1 M. POk pH 7.4 with BaOH 

0.8 

0.8 

0.8 

0.8 

0.1 M. Nicotinamide 

0.3 

0.3 

0.3 

0.5 

0.5 M. Na-malate 

0.5 

0.3 

0.3 

0.3 

0.5 M. Na-glutamats 

0.5 

0.3 

0.3 

0.3 

0.5^ DPN (sidearm; added after equilibration) 

0.2 

0.2 

0.2 

0.2 

4 X 10"^ M. cytochrome c 

0.3 

0.3 

0.3 

0.3 

Meyerhof extract, excess 

- 

- 

0.6 

0.6 

5lt rat liver homogenate 

0.1 

0.2 

0.1 

0.2 


The malate Qog calculated from flasks 1 and 2 and the DPN is calculated from 
flasks 5 and 4; the I0/20 ratio is based on the first ten minutes of oxygen uptake. 

Keto-acld oxidases : llie oxidation of pyruvic acid, oxalacetlc acid, and a-ketoglu- 
tarlc acid may be accomplished In homogenates that are fortified with magnesium ions and 
ATP. It la possible to use AMP also, since it is converted to ATP in such systems. It 
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is not a simple matter, however, to cariy out one-step oxidations or to name the rate- 
limiting enzyme at this time, since these oxidations Involve other intermediates in the 
Krebs tricarboxylic acid cycle, and depend upon a maintained level of ATP. Unlike the 
succinoxidase cytochrome oxidase and malic dehydrogenase systems, which can be studied in 
water homogenates, the keto-acld oxidations thus far appear to regulre isotonic homoge- 
nates for best results. The system has been studied in homogenates by Potter, LePage and 
Klug (1948) and by Potter, Pardee and Lyle (1948). The components of the system as em- 
ployed by the latter investigators is given in Table XXIV. 


TABLE XXIV 

Standard Reaction Hixturea for the Oaidation of Xeto-aclda* 
(37®C.) 


(0.2 ml. 2 N UaOH i- 3 sq,. cm. filter paper in center cup; 
Warburg flasks without sidearms; all reactants and flasks 
kept in Ice bath prior to addition of homogenates.) 


Addition Volume 


HgO 0.7 ml- 

0.5 M KOI 0.4 

0.1 M MgCl2 0.1 

4 X 10"^ M cytochrome o 0.1 

0 . 1 M K phosphate** 0 . 2 

0.01 M ATP, K salt 0.5 

0.0267 M K oxalacetate*** 0.5 

0.154 M KOI 0.2 to 0.7 

10 per cent isotonic KCl homogenate 0.7 to 0.2 


*This reaction mixture gives optimum rates of oxygen up- 
take for short periods of time with rat kidney homoge- 
nates. It should be modified depending on the objective, 
see text. 

**May be combined with the preceding 4 components into a 
stock solution that is adjusted to pH 7.0 - 7-2. 

Three -fourths neutralized with KgCC^ and aerated; 0.02 
M K^CC^ is added to solid oxalacetlo acid. 


The conditions given in the table gave maximum rates of oxygen uptake with homoge- 
nates of liver as well as kidney. However in a study by Pardee and Potter (1949) it was 
fourU that brain and heart homogenates gave increased rates of oxygen uptake when a mix- 
ture of oxalacetate and pyruvate were used, suggesting that the conversion of oxalacetate 
to pyruvate may be limiting in these tissues. Experiments with malonate showed that in 
liver homogenates, pyruvate has two alternative oxidative pathways. In the presence of 
malonate, pyruvate can be oxidized to acetoacetate, while in the absence of malonate, it 
can evidently be oxidized through the Krebs cycle if a continuing supply of oxalacetate 
is present. The other tissues studied do not appear to possess the alternative pathway 
that leads to acetoacetate formation from pyruvate. 

Thus the conditions described in Table XXIV may be varied considerably as to sub- 
strate. If pyruvate is substituted for oxalacetate, the amount can be increased to give 
a final concentration of about 0.005 M. However, the results with pyruvate alone have 
very little significance in tissues other than liver, since the rate will be determined 
by the uncertain amounts of C;, acids that may be available. If this amount of pyruvate 
is used, maximum rates of oxidation can be obtained by adding oxalacetate, fumarate and 
probably malate. If succinate is added, the results are confused by the fact that this 
oompoiuid can be oxidized at a rate that is independent of the other reactions in the 
cycle. Although we have done comparatively few experiments with a-ketoglutarate, it ap- 
pears that this compound can be used as a substrate with no other substrates present, and 
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++, posBltle to Isolate the reaction hy adding 

malonate If the findings of Pardee and Potter (1949) are kept In mind. The OYer-al^reao- 
tion system Is similar to the cyclophorase" system of Green, Loomis, and Auerhach (1948) 
but their results were not expressed in terms of rates and were not designed to assay 
tissues for enzyme content. With the use of whole homogenates it should he possihle to 
determine the amount of an individual enzyme in the system if it can be established as the 
rate-limiting component. It appears that various keto-acid oxidations can be made the 
rate-limiting steps by using the various combinations: (l) pyruvate + malonate (2) pyru- 
vate oxalacetate or fumarate, and ( 5 ) Of -ketoglutarate + malonate. However, in each case 
the rate- limiting reaction might be catalysed by any one of several enzymes. The follow- 
ing interpretation forms a basis for further work. In case (1) the reaction probably in- 
volves a pyruvic dehydrogenase and its electron transferring enzymes plus an enzyme for 
condensing C2 groups to yield acetoacetate. The latter enzyme appears to occur in liver 
and to a very limited extent if at all in other tissues. 


In case (2) the same pyruvic dehydrogenase and electron transport system are probably 
Involved, but the C2 fragment is perhaps utilized hy an enzyme that condenses it with 
oxalacetate to yield a precursor of Isocltrate. The measurements are complicated by the 
fact that the formation of isocitrate sets off the whole setjuence of Krebs cycle oxida- 
tions . 


In case (5) the condensation reactions do not appear to be involved, and in the 
presence of malonate the reaction probably involves only the a-ketoglutarlc dehydrogenase 
and the electron transport system. 

In all three cases one might expect that in normal tissues, the electron transport 
system would not be the limiting component, and the rate-limiting enzyme seems likely to 
be either the dehydrogenase or the enzyme that catalyzes the condensation. However, all 
of these reactions involve phosphorylation and if the dehydrogenation, phosphorylation and 
condensation reactions are Inseparable, the assay becomes technically simplified and the 
rate of oxygen uptake might be an adequate measure of the enzyme complex. This outcome 
appears unlikely however, in view of the fact that Schneider and Potter (1949) have been 
able to separate homogenates by centrifugal means into fractions that gave lower rates of 
oxygen uptake when taken separately than when they were combined. These observations in- 
dicate that the enzyme components are not all in one particle. From the fact that the 
mitochondrial particles could be supplemented by supernatant fractions that were inactive 
alone it should be possible to fractionate the latter and prepare concentrates that could 
be used to elicit the maximum activity of the particles. 

The final point to be emphasized is that the oxygen uptake data can be supplemented 
with analytical determinations of keto-acid disappearance and product formation to oon- 
slderahle advantage. 

Glycolytic Enzymes : Glycolysis has been studied extensively in tissue slices and in 
tissue extracts, but in neither Instance does on© obtain a measure of the glycolytic 
enzyme content of the tissue sample. ^ slices , the aerobic enzymes mask' the results of 
glycolysis when oxygen is present, and the glycolytic systems in many normal tissues ap- 
pear to be unable to keep pace with ATP breakdown when oxygen la absent. Whatever the 
explanation, anaerobic glycolysis is veiy low in slices of such tissues (cf. Burk, 1939) • 
On the other hand, 1^ extracts one cannot be assured that the enzyme content of the ex- 
tract is an adequate measure of the enzymes in the original tissue. Extracts played a 
decisive role In the elucidation of the nature of glycolysis, hut they have never been 
proposed as the basis for tissue assays- 

Homogenates were used originally for the study of glycolysis in brain. Further 
studies on the development of assay techniques have been made hy I^ePage (1948) who re- 
ported on studies with cancer tissue, and by LePage and Schneider (1948) who measured 
glycolysis in fractions obtained by the centrifugation of homogenates. Eeferences to the 
earlier papers are given in these papers. The latter studies revealed that no fraction, 
including the final supernatant extract, was as active as the whole homogenate. 

The optimum conditions reported by LePage (1948) are given in Table XXV. 
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TABLE AXy 

Fluorlds-Conttifliflg Retctlon HUture for Gljrcolyiis 
In Hooogenates (37°C.) 



Addition mi. 

per Flask 

HgO 


0.75 

0.02h M 

K-PO;, pH 7.6 

0.3 

0.5 M 

KHCOj 

0.15 

O.k M 

Nicotinamide 

0-5 

0.01 M 

K-ATP 

0.1 

0.2 per 

cent K-DPN (calc, from assay value) 

0.2 

0.0k 

K-HDP 

0.15 

0.10 M 

Glucose 

0.5 

0.10 M 

MgClg 

0.2 

0.15 M 

K-pyruvate 

0.10 

0.20 M 

KF 

0.15 

10 per 

cent -KCl homogenate 

0.30 


These conditions differ somewhat from the conditions given in an earlier review (Potter, 
19 't' 8 ) hut each of the essential additions is added at a level such that small variations 
in amount do not affect the glycolytic rate. The conditions given were worked out using 
Flexner-Jobllng tumors as the source of enzyme. Further studies using various normal 
tissues are in progress and support the general conclusion of other studies relative to 
methodology; the optimum conditions for one type of tissue are likely to reveal activity 
if it is present in other tissues but are not necessarily the optimum for all tissues. 

Thus far the studies on the glycolytic enzyme system have not established one enzyme 
as the rate-limiting factor. Under the co.iditio.ns employed, there may be an initial rate- 
limiting step below hexose diphosphate which may later shift to the reactions involved in 
the conversion of glucose to hexose diphosphate. Ey carrying out analyses at various time 
intervals considerable Information can be obtained regarding the relative aniounts of the 
enzymes that are involved in glycolysis. Future studies on homogenates supplemented with 
individual enzymes may make It possible to establl.sh the Identity of rate-limiting steps, 
while alterations in the reaction mixture, such as increasing the HDP, may serve to elimi- 
nate certain steps. In ail such studies the determination of inorganic phosphate and 
lactic acid as carried out by LePage is preferable to the measurement of COg output alone. 

THE COUPLING OF OXIDATION AND PHOSPHORYLATION 

Adenoslnetri phosphatase : The logical preliminary to the study of the coordinated 
phosphorylatlve and oxidative systems was. a knowledge of the rate of dephosphorylatlon of 
the phosphorylated compound which has thus far been the immediate product of the phosphate 
donating reactions, that is, adenoslnetri phosphate. DuBols and Potter (19^5) devised an 
assay and applied it to normal rat tissues. It was found that the calcium ion was a 

necessary co-factor in all tissues studied, and the assay consists in measuring the rate 

of inorganic phosphate released when the enzyme is saturated with calcium ions and ATP, 
with conditions such that the rate of phosphate release is proportional to time and to 
tissue concentration. The assay is carried out in a small volume to conserve ATP, using 
10 X 50 mm. teat tubes- However, the reaction may be carried out in a larger volume by 
keeping all the reactants at the same final concentration per unit volume. The assay is 

always carried out at two levels of tissue rather than in duplicate, since this provides 

a control on the. technique. 
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TABLE XXVI 

Beaction Mixture for ATP-eae Assay (B/^C.) 


Tube No. 

1 

2 

5 

4 

5 

HgO 

ml. 

0.20 

ml, 

0,10 

ml. 

0.Ji5 

ml. 

0.25 

ml. 

0.50 

0.5 M diethyllDarbiturate pH 7*^ 

0.15 

0.15 

0.15 

0.15 

0.15 

0.04 M CaClg 

0.05 

0.05 

0.05 

0.05 

0.05 

.013 M ATP, pH 7.4 

0.15 

0.15 

- 

-- 

0.15 

1 $ rat liver homogenate 

0.10 

0.20 

-- 

0.20 

-- 

(added 2 or 5 minutes after the 
tubes are placed in the thermostat) 







The reaction is atopped ty adding 0.1 ml. of 505^ trichloracetic acid to each tube. The 
tutea are then centrifuged 10 minutes at JOOO r.p.m. and O.J ml. of the supernatants is 
carefully drawn off for analysis for inorganic phosphate. The reagent blank on the phos- 
phate arialysis is used for the Iq readings, (100 setting on Erelyn colorimeter) and should 
include O.J mi. of the supernatant from tube No. 5- Tube No. 4 gives the inorganic phos- 
phate from the tissue and No. 5 the spontaneous breakdown of the ATP. The assay is based 
on the amount of inorganic phosphate liberated from ATP per milligram of ti.ssue in 15 
minutes and is obtained from tubes 1 and 2 after applying the corrections obtained from 
tubes 5 and 4. The phosphate is determined by the Fiske-Subbarow method, as described on 
page 190 of this book. 

The oxidative synthesis of phosphate bonds : It is possible to carry out oxidations 
over the cytochrome system and to use this energy for the esterification of Inorganic 
phosphate using adenylic acid or ADP to accept the phosphate from the oxidized intermedi- 
ates. However, ATP-ase assays as described in the preceding section show that any ATP 
formed will be split and inorganic phosphate will he returned to the medium, and the in- 
organic phosphate of the medium will not decrease unless the esterification can outpace 
the ATP-ase. If creatine or some other phosphate acceptor is added it is possible to tap 
off the ATP phosphorus and to minimize the amount of ATP available for dephosphorylation. 
Creatine seems to be ideal for this purpose. In addition, the action of ATP-ase is re- 
tarded by fluoride and iragnesium ions, which can he added to the mixture, since fluoride 
does not inhibit the oxidations appreciably at the concentration used, and magnesium ap- 
pears to be necessary for the phosphorylation. It must be emphasized that tissues are 
excised quickly and cooled on ice; they are homogenized rapidly and in the cold, and they 
are added to reaction mixtures held at zero degrees with all reactants present. As soon 
as the homogenate is added, the flasks are attached to manometers and placed in the 57^^ 
hath. They are equilibrated for 10 minutes; oxygen uptake is measured at 10 minute inter- 
vals. The flasks are taken from the manometers and placed in cracked ice; 9 ml. of 17.5^ 
trichloracetic acid is used to stop the reaction. The flask contents are transferred to 
centrifuge tubes and centrifuged in the’ cold and kept in cracked Ice when not In the cen- 
trifuge. The phosphorus distribution can be studied according to the methods of Chapter 
15; when a volume of J.O ml. is used in the final tube containing reduced phoaphomolybdate, 
we use 0.05 ml. and 0.10 ml. of the protein- free supernatant fluid for the analysis for 
inorganic P + phosphocreatine P. To determine "true" inorganic P, 2.0 ml. of protein-free 
supernatant fluid are brought to pH 8.5 (phenolphthaleln) with 2N NaOH and 0.4 ml. of the 
calcium reagent is added. The precipitate is centrifuged down, drained by inversion and 
the excess supernatant fluid blotted with filter paper. The precipitate is suspended in 
water to give 1.8 ml. and dissolved by adding 0.2 ml. 2N HCl, The solution is then equiva- 
lent to the original, and "true" inorganic phosphate is determined in aliquots of 0.05 mT. 
and 0.10 ml. The phosphate content of the original flask is obtained by multiplying by 
100 and by 100/2 respectively. The original P content is determined by adding the enzyme 
after the 2 ml. trichloracetic in one case. In these experiments ATP is added originally. 
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Aa it reacts with phosphooreatlne, ADP and adenylic acid are made available to the oxida- 
tive P-donore. 

It seems undesirable to have any more adenylic acid exposed to its deaminase than can 
he avoided. When the oxidative systems do not phosphorylate, the inorganic phosphate in- 
creases due to ATP breakdown, but when the system contains all the components, a net phos- 
phate uptake is observed. This reaction is eepeclally strong in kidney cortex homogenates 
but it also occurs in other tissues. 

The reaction mixtures that are used for keto-acid oxidations are also useful for the 
study of oxidative phosphorylation and are superior to the mixtures that were used earlier 
The results with water homogenates (Potter, 1945a, 1945b, and 194?) were inferior to those 
obtained in more recent studies with isotonic homogenates (Potter, LePage and Klug, 1948). 
It la possible to obtain phosphate uptake in the absence of fluoride, but much better up- 
take la observed when fluoride is present (Potter, 1947) • Eecent studies have shown that 
the phosphate uptake can be Improved dramatically by using mitochondria separated from 
both nuclei and soluble enzymes, since the mitochondria appear to be the chief bearers of 
the enzymes Involved in oxidative dephoaphorylation, and the soluble enzymes Include the 
adenylic deaminase (Potter and Schneider, to be published). 

The reaction mixtures that are used for glycolysis are useful for the study of the 
anaerobic phosphorylation reactions (see LePage, 1948 and LePage and Schneider, 1948). 


The preparation of systems which can maintain their energy reservoir (ATP) in the 
absence of fluoride will probably make it possible to study reactions hitherto considered 
"vital" and not open to study by call-free techniqtues. 

ARGINASE 

A recent paper by Eoberts (1948) on the determination of arglnase in homogenates is 
mentioned because it appears to be a valuable contribution to methodology. Following 
earlier work with purified enzyme preparations, it was shown that the activation of 
arglnase in homogenates required incubation with MnClp for up to four hours to reach maxi- 
mum values. The time for maximal activation was not the same in all tissues. With maxi- 
mally activated homogenates the rate of reaction was linear, and proportional to the 
amount of tissue added. 


GENERAL 

The earlier practice of preparing extracts from tissue prior to the determination of 
various enzymes cannot be regarded as justifiable unless experiments are done to prove 
that interfering tissue elements are thereby removed. The use of the whole homogenate 
provides a point of reference for comparison with any fraction that may be derived there- 
from, and if a homogenate is to be fractionated for assay purposes it would appear to be 
desirable to obtain nuclei, mitochondria; microsomes and soluble proteins in as physio- 
logical a condition aa possible. Such attempts are beginning to be made (LePage and 
Schneider, 1948; Potter and Schneider, to be published; also see following chapter) and 
much further progress is anticipated. 

V. R. Patter 
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Chapter XII 

METHODS FOR THE ISOLATION OF PARTICULATE COMPONENTS 

OF THE CELL 

INTRODUCTION AND GENERAL PRINCIPLES 

In his studies of tissue metaholiam, the hiocheaiist has directed his attention in two 
distinct ways, each of which has led him closer to an understanding of how cells and tis- 
sues function in terms of individual enzymatic reactions. The first studies dealt with 
the determination of metaholic reactions in cells and tissues and the quantitative measure- 
ment of the enzymes Involved. More recently the biochemist has initiated studies of the 
dlatrlbutlon of enzymes within cells. This chapter is concerned with some of the methods 
employed in such studies. 

Cells contain several discrete structures that can be seen under the microscope. The 
largest of these structures la the nucleus. One or more nucleoli can be seen within the 
nucleus and the ohromosomsa (chromatin material) may or may not be visible. In the cyto- 
plasm are found the mitochondria, secretory granules, fat droplets, subralcroscoplc par- 
ticles and soluble material. Of these the former three can be seen readily under the 
microscope while the submloroscoplc particles are so small that they can be seen only as 
points of light in the dark field or ultramicroscope. The soluble materials are of course 
invisible. 

Since cells are such complex structures it is rather obvious that the study of the 
intracellular distribution of enzymes must involve close collaboration between the cytolo- 
gist and the biochemist. The cytologlst must identify the structures isolated and the 
biochemist must study their enzymatic properties. 

Since most tissues are composed of several different types of cells, it would appear 
that single cells and the particulate components isolated from single cells would be the 
ideal materials for the study of the Intracellular distribution of enzymes. LlnderstrjSm- 
Lang, Bolter and their associates ( Llnderstr(im-Lang, 1938) have in fact been able to make 
such studies on single cells. In general, however, the use of single cells appears to be 
distinctly limited both with respect to the types of cells and the enzymes that can be 
studied. 

A method which permits full exploitation of current knowledge of enzymes was provided 
by the simultaneous development of the homogenate technique (Chapter 11) and the so-called 
Cell fractionation technique. The homogenate technique provided methods for the quantita- 
tive assay of enzymatic activity in cell- free preparations of tissues (homogenates). In 
addition, it was found that the morphological and cytological properties of the particu- 
late components of the cell were preserved when the homogenates were made in the proper 
medium and the homogenates could be fractionated by means of differential centrifugation 
into a nuclear fraction, a mitochondria fraction, a submlcroscoplc particle fraction, and 
a soluble fraction (Hogeboom, Schneider .and Pallade, I 9 W). 

In the study of the intracellular distribution of enzymes by the cell fractionation 
technique, several Important principles must be followed. In the first place, the iden- 
tity of the fractions must be established cytologlcally. Each fraction must be demon- 
strated to consist of a single particulate con^ionent the cytological and morphological 
properties of which closely parallel those of the particulate component in the living 
cell. Secondly, the enzymatic activity of each fraction must be determined, and it must 
be demonstrated that the sum of the activity of all the fractions equals the activity of 
the unfractionated homogenate. In enzyme assays, the possibility that inhibitors or acti- 
vators are present in the homogenate must be considered. In such a case the distrlhutlon 
of enzyme and of Inhibitor or activator may be entirely different with the result that the 
sum of the activities of the fractions will be greater or lass than the activity of the 
homogenate. Several Instances will be cited later in which this is true. In such cases 
it is necessary to measure the activities of the fractions in all permutations and com- 
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■blnations aa well as separately In order to determine the localization of the inhibitor or 
activator^ aa well as to eliminate the possibility of denaturation during the isolation 
procedure. 

When these requirements have been met the localization of enzyme in a cellular com- 
ponent is indicated in three ways: (a) a large percentage of the total activity of the 
homogenate is recovered in the fraction; (b) the specific activity of the fraction is 
several times as great as that of the homogenate; and (c) the specific activity of the 
fraction remains constant upon repeated sedimentation. These criteria have been met only 
for a very few enzymes (see Schneider, 19h9). It is hoped that future research on the 
intracellular distribution of enzymes will adhere closely to these principles in order 
that the real significance of the association of enzymes with particulate components of 
the cell can be ascertained. 

CYTOLOGICAL IDENTIFICATION OF PARTICULATE COMPONENTS 
OF THE CELL 

The identification of particulate components of the cell requires the collaboration 
of a cytologlst thoroughly versed in the morphology of living cells as well as in the 
classical staining properties of fixed cells. It is especially Important that the Identi- 
fication be made on unfixed and unstained material supplemented by observations employing 
the usual staining methods. Only in this manner can the Identification of cellular com- 
ponents be firmly eatabllahed. 

The study of cellular components in unfixed and unstained material has presented con- 
siderable difficulty in the past because of the sll^t differences between the index of 
refraction of the particulate components and the surrounding material. This difficulty 
can be eliminated largely by use of the dark field microscope and the recently developed 
phase microscope. The latter provides an especially easy method for the demonstration (in 
fresh preparations) of particulate components of the cell that are seen with great diffi- 
culty with the ordinary microscope. 

The cytologlcal identification of the submlcroscopic particles is unsatisfactory. 
These particles are so small that they can not be resolved in the light microscope and as 
a result it is impossible bo determine their morphological and cytologlcal properties in 
the living cell. The electron microscope provides the only means for studying these par- 
ticles, .and this apparatus requires the use of dry preparations. 

METHODS FOR THE COMPLETE FRACTIONATION OF RAT LIVER HOMOGENATES 
BY DIFFERENTIAL CENTRIFUGATION 

Choice of Tissue for Centrifugal Fract ionation ; Since most mammalian tissues consist 
of several types of cells rather than of a single type as required for centrifugal frac- 
tionation, the choice of tissues is exceedingly important. Eat liver has proved to be an 
excellent tissue for centrifugal fractionation, mainly because it is composed largely of 
one type of cell. In addition, liver cells are easily broken and contain a variety of 
known enzymes. Aa a result liver tissue has been used in most of the studies on centri- 
fugal fractionation. The fractionation methods described in this chapter have been de- 
vised for rat liver, and their application to other tissues may require some modification. 

Centrifuges; In order to minimize autolytic processes during the centrifugal frac- 
tlonation of tissues it is necessary to carry out all steps at as low a temperature as 
possible. For this reason the International Refrigerated Centrifuge PR-1 is the centri- 
fuge of choice for most of the centrifugal procedures. This centrifuge permits the use of 
a variety of both horizontal and angle rotors in a refrigerated chamber which can be main- 
tained at 32 ° F. + 1° or at other selected temperatures. It la desirable to maintain the 
chamber at a temperature several degrees lower than required because the temperature of 
the rotor is usually several degrees above that of the surrounding air. With the multi- 
speed attachment and rotor No. 295, forces as great as 50,000 g (middle of tube) can be 
obtained in this centrifuge. It is worthvdille to point out that the capacity of this 
rotor can be doubled by substituting 3 /’^" O.D. lusterold tubes for the pyrex tubes and 
rubber Jackets with which the rotor is supplied. If this is done it is necessary to put 
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2 ml. of water in each rotor hole ae a cushion because the rotor holes are larger than the 
luaterold tubes and also because the rotor holes have a conical bottom rather than a round 
one. 


For centrifugal forces greater than those obtainable with the International centri- 
fuge, the recently marketed Splnco centrifuge (manufactured by the Specialized Instruments 
Corp., Belmont, California) Is recommended. This centrifuge la electrically driven and 
the rotor spins in an evacuated chamber. The latter prevents an appreciable temperature 
rise during the centrifugation. The maximum force obtainable with the preparative rotors 
supplied with this machine la 170,000 g and the largest volume that can be centrifuged la 
h6o ml. In addition, the centrifuge can be obtained with a refrigerated chamber and with 
the necessary optical equipment for analytical work. 

Two formulae frequently used in centrifugal work merit inclusion in this discussion. 
The first deals with the determination of centrifugal force, and is given by the equation 

( 51 ) F = ^ = 89500 


where F is the centrifugal force (in gravitational units, g) W is the angular velocity, 
r is the radial distance In cm. from the center of rotation, and S Is the speed In revolu- 
tions per minute. Another useful formula is that given by Pickels (19^5) for roughly 
estimating particle size or for approximating the time required to sediment particles of 
know physical properties. According to this equation 


(52) T 
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where T Is the time in minutes,. D is the radial distance In cm. from the boundary (or 
outer edge of the tube for complete sedimentation) to the axle of rotation, L is the radial 
distance In cm. from the meniscus to the axis of rotation, N Is the viscosity of the flxild 
In poises, O' and are the densities in grams per cubic centimeter of the particles and 
medium respectively, d Is the average diameter of the particles In centimeters, and S is 
the rotational speed In E.P.M. 

Methods of Preparation of Homogenates : The most satisfactory method available for 
preparing cell-free tissue suspensions Involves the use of the Potter-Elvehjem glass 
homogenlzer (Chapter 11). With this apparatus practically all the cells are broken and 
the nuclei and other sub-cellular components remain unbroken. Both the mortar and pestle 
and the Waring blendor give poor yields of broken cells as well as breakage of nuclei. 

Use of the latter also may be accompanied by excessive frothing and heating. 

Selection of Media for Homogenization : The medium in which the cells are disrupted 
has a profound effect on both the cytologlcal and biochemical properties of the particu- 
late components of the cell. The morphological and biochemical properties of the mito- 
chondria in different media have been studied moat thoroughly and have therefore served 
as the basis for selection of media for centrifugal fractionation. Little Is known about 
the morphological and biochemical properties of the nuclei, the nuclear components, and 
the submlcrosooplo particles in different media. The secretory granules are apparently 
broken when the liver cells are disrupted (see Hogeboom, Schneider and Pallade, 19^+8). 

When homogenates of rat liver are made In distilled water, the mitochondria become swollen 
and the cytochrome C present in them Is not active as shown by the euoolnoxidase test In 
the absence of added cytochrome C (Chapter 11). Cytochrome C Is also associated with the 
submlcroacoplc particles Isolated from water homogenates of rat liver. It is apparently 
present in adsorbed form, because the cytochrome C Is removed when these particles are 
washed in isotonic saline. In homogenates of rat liver made In Isotonic saline or other 
salts, however, the mitochondria are strongly agglutinated, although the cytochrome C 
present in them Is active In the succlnofedase system and the mitochondria are normal In 
size. As a result of this agglutination, the mitochondria sediment with the nuclei, and 
It la ln®osalble to obtain an adequate separation of the two. The submlcroacoplc par- 
ticles Isolated from saline homogenates do not contain cytochrome C (see Schneider, Claude 
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and Hogeboom, 1948). Furthermore the mitochondria In saline or water homogenates do not 
stain vitally with Janua Green B, the generally accepted stain specific for mitochondria. 
Homogenates prepared in isotonic or hypertonic sucrose have proved to be the most suitable 
for centrifugal fractionation of tissues (Hogeboom, Schneider and Pallade, 1948). In these 
solutions the mitochondria are normal in size, stain with Janua Green B, and are not agglu- 
tinated. Moreover, in hypertonic sucrose many of the mitochondria are elongated, a mor- 
phological property of mitochondria previously observed only within living cells. Mito- 
chondria isolated from hypertonic sucrose homogenates also differ biochemically from those 
isolated from isotonic sucrose homogenates as shown by the succinoxidase test in the 
absence of added cytochrome C. The latter differences have not been studied fully emd do 
not permit a decision as to which concentration of sucrose is optimum for the isolation of 
mitochondria. For this reason and for others mentioned below the centrifugal fractionation 
of hoth isotonic and hypertonic sucrose homogenates will be described. 

Centrifugal Fractionation of Hypertonic (0.88 M) Sucrose Homogenates of Hat Liver : 
(Hogeboom, Schneider and Pallade, 19 to). Adult albino rats were fasted overnight to remove 
glycogen from the liver. The rats were killed by decapitation (if desired the livers may 
be perfused before removal from the animal) . The livers were cooled in a beaker placed in 
an ice bath and were passed through a tissue masher fitted with a screen containing holes 
1 mm. or smaller in size. This procedure removed a large part of the connective tissue 
framework of .the liver. The liver pulp was then weighed and homogenized in 9 volumes of 
ice cold 0.88 M sucrose (Merck, reagent grade) in the all-glass apparatus of Potter and 
Elvehjem (see Chapter 11). 

Ten ml. of homogenate were layered over 1.0 ml. of 0.88 M sucrose in a I5 ml. conical 
centrifuge tube and centrifuged for 10 min. at 600 g. Nuclei, unbroken liver cells, and 
red blood cells were sedimented in the lower sucrose layer with a minimum loss of mito- 
chondria. The supernatant was withdrawn with a capillary pipette and recentrifuged twice 
more for 10 min. at 600 g. This procedure completed removal of nuclei and unbroken liver 
cells from the homogenate. The complete recovery of nuclei was indicated by the fact that 
the entire desoxypentose nucleic acid (a specific nuclear constituent) of the homogenate 
was recovered in this fraction (see Table XXVII) as well as by microscopic examination of 
the fractions. The three sediments were combined and resuspended in 0.88 M sucrose 
( Fraction N) . 

The supernatant remaining after the final sedimentation at 600 g was transferred to 
luateroid tubes and was centrifuged for 20 min. at 24,000 g. The sediment consisted of 
three layers: (1) a small amount of brown material at the bottom of the tube, (2) an 
intermediate layer of firmly packed tan material, and (3) an upper layer of poorly sedi- 
mented pink-white material. The last consisted of submicroscoplc particles and was removed 
when the supernatant, Si, was withdrawn with a capillary pipette. The remainder of the 
sediment consisted of mitochondria and some submicroscoplc material. The brown layer 
apparently contained mitochondria that were more firmly packed than in the bulkier tan 
layer. The sediment was resuspended in 0.88 M sucrose (this resuspension is conveniently 
made with a Lucite homogenlzer machined to fit the lusterold tubes) and was centrifuged 
for 20 min. at 24,000 g. The supernatant (Fraction W^) contained some su.bmlcroaoopic 
particles. This was indicated by the high pentose nucleic acid phosphorus to nitrogen 
ratio, a characteristic of the submicroscoplc particles (Table XXVII). The sediment was 
resuspended in 0,88 M sucrose (Fraction M^) . This suspension was yellow- tan in color and 
showed pronounced birefringence of flow, when stirred. The latter was considered to be 
caused by the rod-like shape of the majority of the isolated mitochondria in the suspen- 
sion. 


The supernatant, Sp, remaining after sedimentation of the mitochondria was transfer- 
red to another lusterold centrifuge tube and centrifuged for 2 hours at 41,000 g to sedi- 
ment the suhmlcroBCoplo particles. ’The supernatant, S2, was removed with a capillary 
pipette. The sediment was transparent and reddish-brown in color. It was resuspended in 
0.88 M sucrose (Lucite homogenlzer) and recentrifuged 2 hours at 4l,000 g. The supernatant 
fix)m this centrifugation (Fraction Wp) was wlthftrawn and the sedimented aubmicroscopio 
particles were resuspended in 0.88 M sucrose (Fraction Py) . The latter fraction also 
exhibited strong birefringence of flow. Calculations using equation (52) above indicated 
that the force employed was only sufficient to sediment particles larger than 100 nm. 

Thus the complete separation of suhmioroscoplc material was probably not effected by this 
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centrifugation. (A more complete aeparatlon of sutmlcrosooplo particles from 0.88 M 
sucrose solutions has recently lieen accomplished, hy centrifuging for 1 hour at 170,000 g 
in the Splnco centrifuge.) 


TA8LE XXVI I 

DIatribution of Nitrogen, Nucleic Acide, end Succinoxideae Activity in Fractiona 
laolated from Honogenatea of Rat Liver in 0.88 H Sucroae 
(fron Hogebooa, Schneider and Pallade, 1988)* 




Succinoxidase 

Pentose nucleic 
acid phosphorus 
(PNA-P) 

Desoxypentose 
nucleic acid 
phosphorus (DMA-P) 


Total 
(mg. ) 

Total (mm3 
O2 per hr) 

Qo 2(N) (pi. 
Og per hr. 
per mg N) 

Total 

(T) 


Total 

W 

y DNA-P 
mg. N 

H (homo- 
genate) 

33.6 

25800 

770 



260 

7.7 

If 

7.58 


630 


18.9 

258 


«w 

8.75 

18600 

2120 


15.5 





500 

200 

90.6 

41.1 



Fw 


< 250 

<100 

174 

58.0 



Wp 

1.28 



43.8 

34.0 



Sg 

10.5 

< 250 

<30 

161 

15.5 



M (mito- 
chondria 
sedimented 
once) 

10.95 

17500 

1580 

240 

21.9 



(mito- 

chondria 

sedimented 

twice) 

8.45 

16900 

2010 

119 

14.1 



(mito- 
chondria 
sedimented 
three times) 

7.65 

16500 

2120 

95 

12.4 




Each value In the table represents the amount found In or derived from 10 ml. of a 
10 per cent liver homogenate. 


The results of typical fractionations in 0.88 M sucrose are presented in Table XXTII 
and Illustrate some of the fundamental principles outlined In the Introductory paragraphs. 
In these experiments the distribution of succinoxidase activity in rat liver fractions was 
determined. The validity of the succinoxidase assay was indicated by the fact that about 
94 per cent of the activity of the homogenate was recovered in the six fractions obtained. 
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The finding of major Interest was that the succinoxldase system of the liver cell was ap- 
parently localized In the mitochondria. This was strongly Indicated by the fact that the 
major portion of the total succinoxldase activity of the homogenate was recovered In the 
mitochondria fraction and that the specific activity of the latter was several times as 
great as that of the homogenate. That the succinoxldase activity was firmly bound to the 
mitochondria was evident, for only slight losses In activity occurred upon repeated sedi- 
mentation (see last three lines. Table XXVII). 

Centrifugal Fractionation of Isotonic (0.23 M) Sucrose Homogenates' of Hat Llvbr : 
(Schneider, 19*+8). Isotonic sucrose (0.25 M) possesses several advantages over hypertonic 
sucrose (0.88 M) as a medium for the centrifugal fractionation of rat liver. The activity 
of some complex enzyme systems, such as the system that oxidizes octanoic add (octanoxi- 
dase), la much greater when the homogenates are made In Isotonic sucrose than when made In 
hypertonic sucrose. Why this should he true Is not at all clear, because other enzjrmea, 
such as those of the succinoxldase system, are only slightly affected by hypertonic su- 
crose. A further advantage In the use of isotonic sucrose Is that greatly decreased 
centrifugal forces can be employed In the centrifugal fractionation, for Isotonic sucrose 
has a much lower viscosity and specific gravity than hypertonic sucrose. As a result, the 
entire fractionation in isotonic sucrose' can be made In the International centrifuge. 

The preparation of the homogenate was similar to that described in preceding para- 
graphs for hypertonic sucrosej however, the fractionation differed from that with hyper- 
tonic sucrose. Ten ml. of a rat liver homogenate In 0.25 M sucrose was centrifuged for 
10 min. at 600 £ to sediment nuclei, unbroken liver cells, and red blood cells. The sedi- 
ment was washed twice by rehomogenizing each time with 2.5 ml. of Isotonic sucrose and 
centrifuging for 10 min. at 600 g. This treatment served to break up any intact liver 
cells as well as to remove any mitochondria that may have sedimented durli^ the first 
centrifugation. The sediment remaining after the final centrifugation was teauspended In 
0.25 M sucrose and labeled the nuclear fraction N«-. This fraction contained all the nuclei 
of the homogenate as shown both by microscopic examination and analysis for desoxypentose 
nucleic acid. The nuclei were agglutinated In large clumps and the fraction contained a 
few free mitochondria and Intact liver cells in addition to the nuclei and red blood cells. 

The supernatants obtained from the nuclear fraction were combined and centrifuged for 
10 min. at 8,500 g. in a lusteroid tube to sediment the mitochondria. The appearance of 
the sediment was similar to that described for hypertonic sucrose. The sedimented mito- 
chondria were washed twice by resuspending (Luolte homogenizer) In 2.5 ml. of 0.25 M 
sucrose and reoentrlfuging at 8,500 g. The final sediment was resuspended in Isotonic 
sucrose and labeled the mitochondria fraction, Microscopic examination showed that 

this fraction contained only mitochondria. Absence of submlcrosoopio particles was 
further Indicated by the low pentose nucleic acid phosphorus to nitrogen ratio. 

The supernatants from the mitochondria fraction were combined and centrifuged 1 hour 
at 18,000 g In lusteroid tubes to sediment the submicroscopic particles. The sediment was 
transparent and red-brown in color as was noted In 0.88 M sucrose. The sediment was 
washed once by resuspending In 2.5 ml. of 0.25 M sucrose (Lucite homogenizer) and resedl- 
mentlng at 18,000 g. The final sediment was resuspended In 0.25 M sucrose and labeled the 
submicroscopic particle fraction, P^. Microscopic examination (dark field) revealed a 
large number of particles which could not be resolved because of their small size but 
which were visible as pin points of light In rapid Brownian movement. The supernatants 
from the submicroscopic particles were combined to form the supernatant fraction, Sg. 

Table XXVIII presents the results of the assay of liver fractions for three complex 
enzyme systems: the octanoxidase and oxalacetlc oxidase systems (the enzyme systems that 
oxidize octanoic and oxalacetlc acid, respectively) and the glycolytic system. In each 
case the sum of the activities of the four fractions (nuclear, Nj,; mitochondria, M„; sub- 
mlcroscoplc particles, supernatant, Sg) failed to equal that of the homogenate. 

This was especially true of the oxalacetlc oxidase and glycolytic activities. However, 
when the fractions were recombined in various permutations and combinations and the activ- 
ities determined it was possible to obtain the full activity of the homogenate. Thus the 
possibility (mentioned in earlier paragraphs) that Inhibitors or stimulators of enzymatic 
activity could be present In the homogenate and be distributed In various fractions was 
realized. In the case of the octanoxidase and oxalacetlc oxidase systems, the main aotiv- 
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TAtU XXVIII 

Distribution of OctanoxIdMO snd 0«*lac«tic Oxidase Activity In Rat Liver Fractions 
and of Olycolytic Activity in Rabbit Liver Fractions (froo Schneider, 1948; 
Schneider and Potter, 1999; LePage and Schneider, 1948). 



Octanoxidase 

Activity 

Oxalacetic oxidase 
Activity 

Qlycolytic 

Activity 


Total* 



of H 

Total** 

— 

Tt Of H 

H (homogenate) 

4980 

(100) 

6180 

(100) 

313 

(100) 

Ifw 

I3S 

2.8 

648 

10.5 

39.5 

12.6 

Mw 

4020 

80.7 

2750 

44.5 

0 

0 

Pw 

0 

0 

0 

0 

8.5 

2.7 

Sg 

0 

0 

51 

0.5 

165 

52.7 

Nw * IV 

4 t 40 

95-0 

- 

-- 

42 

13.4 

Nw * Pw 

66 

1-5 

— 

- 

87 

27.8 

Nv 32 

- 

— 

— 

- 

238 

76.0 

Mw * Pw 

4740 

95.0 

5040 

81.5 

27.5 

8.8 

Mw Sg 

- 

— 

3830 

62.0 

215 

68.6 

Pw ^2 

- 


53 

0.9 

297 

94.9 

Nw ^ tv * P^ 

5 o 4 o 

101 

- 

-- 

-- 

- 

My, + Pw + S2 

" 

— 

6060 

98.0 

-- 

- 

Ny- + Py + S2 



— 


328 

104.8 


*Cu. mm. O2 per hr. per 10 ml. of 10 per cent homogenate or Its eijuivalent, 
**Micromoles lactic acid produced per hr. per 10 ml. of 10 per cent homogenate 
or Its equivalent. 


Ity appeared to he aeaociated with the mitochondria, whereas glycolytic activity was asao- 
clated mainly with the supernatant. The fractions that contained the major activity of 
the homogenate were stimulated hy other fractions that had little or no activity hy them- 
eelves. Thus the octanoxldaae activity of the mitochondria was increased hy the auhmicro- 
scoplc particles, and the oxalacetic oxidase activity of the mitochondria was greatly 
augmented hy the suhmicroscoplc particles or the supernatant. The glycolytic activity of 
the supernatant was greatly increased by_the addition of the mitochondria or the suhmlcro- 
scoplc particles. Although these stlmulatoiy effects are not fully understood, further 
investigation should provide useful and Interesting Information concerning the mechanisms 
hy which the actions of the components of' the cell are integrated to produce the enzymatic 
activity of the entire cell. 


METHODS FOR THE ISOLATION OF SINGLE PARTICULATE 
COMPONENTS OF THE CELL 

Several methods are available for the isolation of single particulate components of 
the cell. These will not he described in detail because the author has had little or no 
experience in their application. It is necessary to caution again that if it is decided 
to isolate individual particulate components of the cell (rather than to atten^it the com- 
plete fractionation described above) that all fractions obtained be assayed for enzymatic 
activity and not merely the fraction in which one is interested. 
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Isolation of Nuclei i Dounoe (19lt-5) has published a method for the Isolation of nuclei 
from rat liver and has studied a number of enzymes aaaoclated with them. The method con- 
sisted of differential centrifugation of rat liver homogenates In dilute citric add 
(final pH 6. 0-6. 2). The nuclei were not Isolated quantitatively and the enzymatic activity 
of the isolated nuclei was compared with that of the whole liver. No attempt was made to 
determine the activity of other fractions obtained. With the exception of alkaline phos- 
phatase the enzyme concentration In the nucleus was considerably leas than in the whole 
tissue. The significance of the association of such low concentrations of enzymes with 
the nuclei is doubtful. 

Another method (Behrens, 1959) for the isolation of nuclei from animal tissues in- 
volves the lyophlll zatlon of the tissue followed by grinding and suspension In a mixture 
of organic solvents of selected specific gravity. The suspension la centrifuged to obtain 
nuclear and cytoplasmic concentrates. Apparently the specific gravity of the nuclei and 
of the cytoplasm Is sufficiently different to permit a separation. This method was used 
to study the distribution of arginase and lipase in rat liver but the results are not en- 
tirely clear because the data were not complete. Improved methods of lyophill zatlon now 
available may warrant further study of this method. 

Methods for the isolation of nuclei from bird erythrocytes, spermatazoa, and egg cells 
have been s umma rized in the paper of Bounce (19*t3)- Few enzymatic studies have been made 
with these nuclei preparations. 

Is plat ion of Chromosomes : The isolation of chromosomes was first reported by Claude 
and Potter (19‘+5T- This was accomplished by grinding, the tissue with sand to break the 
nuclear membrane and thus release the nuclear contents. The chromosomes were then obtained 
by differential centrifugation. While working with Dr. Claude, the author learned that the 
sand must be extremely fine to break the nuclear membrane and it appeared that the diameter 
of the sand (or quartz) particles needed to be smaller than that of the nuclei. 

Another method for the isolation of chromosomes was described by Mlrsky and Els 
(19*+7). This method was similar to that of Claude and Potter with the exception that the 
nuclear membranes were broken by the use of the Waring blender rather than by grinding 
with sand. 

Enzyme studies on the isolated chromosomes have not been reported. 

Isolation of Chloroplasts : Chloroplasts were isolated from leaves by a method 
described by Granlck (1938). The leaf cells were disrupted by grindliig with sand (the 
Potter- Elvehjem homogenlzer would seem to be a more suitable apparatus) and the chloro- 
plasta were isolated by differential centrifugation. The chloroplasts present in each 
fraction were quantitated by extracting the chlorophyll and measuring the color density in 
the Duboseq colorimeter. It is of interest to note that Granlck found that 0.5 M glucose 
or sucrose solutions were the best media for the preservation and, isolation of chloro- 
plasts. Salt solutions caused coagulation and granulation. These results are strikingly 
similar to those recently obtained with rat liver (Hogeboom, Schneider and Pallade, 19^*8). 

If. C. iSchneiiier 
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Chapter XIII 

CHEMICAL METHODS 


Manometrlo methods find their widest use in the study of tissue metahollsm. However 
tissue metaholisB consists of many reactions not involving gaseous change, or reactions 
meaaurahle hy gas exchange are often associated with other reactions not so measurahle. 

It la therefore veiy convenient to have available chemical methods to determine the dis- 
appearance of substrates, the appearance of products, or the change in one or more of the 
substances in the medium in which the tissue is suspended. 

Since the manometrlo methods described are capable of measuring very small changes, 
chemical methods eijiloyed must he capable of measuring changes of the order of 5 to 10 
mlorograma. Their total range usually must be from 0 to 100 miorograms. The small quan- 
tities involved exclude all but the simplest fractionation procedures, so that any methods 
employed must be apeolflo. In addition they usually must be specific enough to measure 
small quantities of the compound involved without interference by other related materials 
which may be present in large quantities. Means of achieving specificity In micro-methods 
are described below. 

For practical purposes colorimetric methods are the only ones available. The princi- 
ples underlying these methods are described below in the section on colorimetry. Clinical 
handbooks, manuals of methods, etc., abound in colorimetric methods. An examination of the 
recent literature will often disclose methods suitable for use with the respirometer. 

It is not our purpose to describe a large number of methods. We are concerned only 
with basic methods which would probably be used frequently by one working with manometrlo 
techniques. 


PBEPARATION OF TISSUE FOR ANALYSIS 

The usual procedure for the analysis of the contents of respirometer flasks involves 
stopping the reactions at the desired point. Usually this is done by adding, at the ap- 
propriate time, sufficient trichloracetic acid to yield 5-10^ (by weight) final concentra- 
tion of the acid. A solution of trichloracetic acid containing 100 g. of acid per 100 ml. 
is readily prepared and convenient for such additions. Addition of 0.53 nJ-* of the solu- 
tion from the sidearm of a flask containing 3 ail. of solution will serve to stop the reac- 
tions, precipitate the proteins and frequently will extract materials from the cells. The 
contents of the flask are removed, centrifuged, and the clear supernatant fluid is used 
for analysis . 


GENERAL PRINCIPLES 

As indicated above, specificity ig one of the chief considerations in the choice of a 
colorimetric method. This requirement Is satisfied either by (l) finding a reaction esaen 
tlally specific for the material to be measured or (2) by separating the component to be 
measured from interfering materials. An example of an Inherently specific method is the 
colorimetric method for phosphorus (conditions are chosen to minimise interference from 
arsenic and silica). As most methods are less specific than this, it often Is necessary 
to resort to fractionation. In the following section methods designed to purify materials 
on a micro scale by distillation, precipitation, extraction and adsorption are described. 

Distillation : If the material to be measured is volatile (ammonia, ethanol, dlacetyl 
etc.), if it can be converted into a volatile material (as an ester to the free acid and 
alcohol), or if substances which interfere with the color reaction (or other method of 
estimation) can be removed as volatile materials, a process of distillation is indicated. 
Small stills enqiloying either direct distillation over a flame or employing steam (the 
usual micro KJeldahl still) are capable of handling quantities of 10-100 ug. However, 
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there are certain other Ingenious devices which permit diatlllatlon from the frozen state 
or distillation vacuo which are particularly convenient for manometric work. Some of 
these are mentioned telow, and it is assumed that any specific method will req.ulre modifi- 
cation for the particular clrcumatancea under which one is working. In 
vacuo distillation from the frozen state avoids heat decomposition an^may 
he conducted essentially as follows in a device deacrlted hy Grant (1946): 

The substance to be distilled is placed^ by means of a curved pipette in 
compartment A, Fig. 52, which is then immersed in a dry ice-acetone bath 
until frozen solid. C la then attached to a rotary-seal oil pump and the 
system is thoroughly evacuated and closed off trader vacuum by stopcock D. 

The B section of the tube is then immersed in the dry ice-acetone bath 
while portion A remains outside of it. In the course of 4 or 5 hours all 
the volatile material in A distills over (usually without melting) and 
condenses in B. It is important in this method that A be taken complete- 
ly to dryness. Modifications of this procedure are obvious. Large size 
Thunberg tubes may be used with the stopper serving as A and the tube as 
B. The small size (15 ml.) tube has too small an opening to permit ade- 
quate distillation. A relatively volatile material which can be dis- 
tilled into a substance to yield a non-volatile derivative (ammonia into 
acid, an aldehyde into hydrazine, etc.) may be distilled directly in a 
Warburg flask. The trapping agent is put in the sldearm. The flask 
contents are frozen and while frozen are evacuated by attaching to an 
inner standard taper Joint equipped with a stopcock and oonnactsd to a 
rotary-seal oil pump. After evacuation the system is allowed to stand 
either at room temperature or in a warm water bath or incubator until 
distillation is complete (2-5 hours or overnight). 

For similar determinations a Conway diffusion dish may be employed 
(Fig. 55). In the determination of ammonia, for example, the sample is 
placed in A and standard la placed in B. The glass plate is put 

on, the sanjile mixed with alkali (placed at another spot in trough A), 
and incubated 6-8 hours at 57° C. The ammonia is trapped in the HpSQj. 
and la determined by titration or Nesslerization. Similar methods of 
distillation are employed for other volatile materials. Examples of 
the application of the method are given by Conway (194o), Borsook and Dubnoff (1959), Weroh 

(1941), Wlnnick (1941, 1942), Warner (1942), 
and Malley, al. (1945). Ceramic Conway 
dishes are obtainable from Arthur H. Thomas 
Company and dishes made from plastic and 
glass are sold by Scientific Service, Inc., 
Berkeley 5, California. 


Precipitation : If the compound to be 
measured will form very insoluble precipi- 
tates that can be reacted to produce a 
color, the compound can be’ separated and 
estimated in this manner. The handling of 
such small precipitates is a difficult 
task, but is usually eased by adding an 
inert naterial such as barium sulfate or 
diatomaceous earth on which the smaller 
precipitate may be adsorbed. Such a pro- 
cedure has been employed, for example, by 
Grant (1947) in the determination of formic 
acid. Further examples of the use of. precipitation as a tool in colorimetric analysis are 
given in Chapter 15 on the determination of phosphorylated intermediates. 

Extraction : The material to be estimated may be extracted from the reaction mixture 
(e.g*, ether extraction is used in the determination of succinic acid, page l66) . When 
the proper solventa are chosen, an extraction, for example, from acid solution with an 
Immiscible solvent followed by reextraction of this solvent with an alkaline solutlonmay 
give good specificity to a relatively non-specific starting colorimetric reaction. Extrac- 
tion does not have to be complete if the percentage extraction is reproducible under 



_n E (LA. 


Sid« view 
if) section 


FIG. 63 

Top and side views of Conway diffusion dish* 
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standardized conditions. Rather ainiple extraction procedures nay he engiloyed; for example, 
one may determine keto acids hy reacting them under acid conditions with 2,4-dlnltrophenyl- 
hydraslne, extracting the mixture by shaking with an equal volume of toluene, and then 
adding a specified portion of the toluene to alcoholic KOH. Toluene extracts primarily 
the derivative of pyruvic acid, ethyl acetate extracts more of the dicarboxylio acids; use 
of these and other solvents may provide a simple analytical separation of keto acids. It 
is apparent that extractions need not necessarily he elaborate and laborious affairs and 
that they have a much wider application than is usually considered. 


The simple, economloal and coiiq)act apparatus Illustrated in Fig. may be employed 
for a variety of extractions. The basic unit la a 25 x 200 mm. Pyrex tube connected to a 
reflux condenser; the tube Is indented to hold the sample reservoir above the boiling 
chamber. ^ placing an alundum or paper extraction thimble containing a solid above the 
indents a continuous drip extraction may be performed (Fig. 5^, A). A Soxhlet thimble also 

furnishes a device for the extraction of a solid sample 
(Fig. 5*1, B). For extraction from a liquid by a non- 
mlsclble liquid of lower specific gravity the arrangement 
shown in Fig. 5*i,C is employed; this la much more compact 
than the usual Kutacher-Steudel extractor with a sidetube. 
The arrangement shown la Fig. 5**,B permits extraction 
from a liquid by another liquid of greater specific 
gravity (the lighter liquid la added last to the Inner 
tube which la open at both ends). ^ Inserting a set of 
stainless steel or block tin tubes In a common water bath 
to servo as condensers a compact extraction unit may be 
built; extractors should occupy only about 1 to 1.5 
square feet of desk space. In using this apparatus con- 
centrations normally are adjusted so that the entire ex- 
tract in one tube is analyzed as one san^le; this avoids 
the necessity for preparing aliquots after extraction. 
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Varlout fonit of extraction 
apparatua. See text for deacrip- 
tion. 


Adsorption and Chromatography : If one is able to 
find an adsorbent relatively specific for either the com- 
pound to be 'estimated or for the interfering substances, 
an adsoi^tlon process may be introduced to enhance spe- 
cificity. An example is the colorimetric method for 
thiamine (Hennessy and Cerecedo, 1959). addition 
there are the very valuable methods of partition chroma- 
tography on paper and on columns, which in many cases are 
adaptable to quantitative use (Martin and Synge, 19*+5l 
Williams and Kirby, 19*^8; Isherwood, 19*^6) . 

If. If. Vmbrtit 


COLORIMETRY 

Colorimetric methods of quantitative analysis are advantageous in many instances be- 
cause of their speed, simplicity, precision, and a range extending downward beyond that of 
volumetric and gravimetric methods. Colorimetric methods are suited to the determination 
of the concentration of substances which are colored, or of uncolored substances which are 
capalie of reacting quantitatively with suitable reagents to produce colored substances or 
which affect the equilibrium between color forms of indicator substances. These methods 
employ either visual or photoelectric colorimeters to determine the intensity of light 
transmitted by a colored solution compared to that transmitted by a reference standard. 

Regardless of the colorimeter employed, the determination depends on the application 
of physical laws related to the transmission of light by homogeneous media, in this case 
colored solutions, When monochromatic light is used, successive layers of equal thickness 
of a colored solution absorb equal fractions of the Incident light (Lambert's law), which 
means that the fraction of light absorbed Increases in direct proportion to the logarithm 
of increase in thickness of the solution layer; also, the light absorbed by a layer of 
solution is directly proportional to the concentration of the colored substance (Beer's 
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law) . These laws, usually designated as the Lamhert-Beer law, are moat ooiweniently repre- 
sented for colorimetry in the form of the following equation: 

(55) l/lo = 

which may also he written: 

(5l») -log l/lg = k'c/ 

where Ig is the Intensity of the incident light, and I the intensity of the light trans- 
mitted hy X centimeters of a solution of a concentration (e.g., grams per 100 ml*, or imolea 
per liter) of colored solute having the characteristic absorption coefficient k, or spe- 
cific extinction k'. Since this equation holds strictly only when monochromatic light is 
employed, it is to he expected that the greatest deviations occur when white light is used. 
The situation la conslderahly Improved and in many instances completely rectified for all 
practical purposes hy using a filter to restrict the light to a hand of wave lengths, or 
color, complementary to the color of the colored substance being determined. 

Visual Colorimetry : The ratio i/Iq, which need not Involve actual values for I and 
Iq, represents the fraction of light transmitted by a colored solution. In direct-compari- 
son colorimetry when a match of the transmission of an unknown solution of thickness / is 
made with one of a series of standards (each of thickness /, and c varying) of the same 
colored solute. 


^/^o(unknown) = ^/^o{ standard) 

and the concentration of the colored solute is the same in each. 

Perhaps the most familiar application of the Lamhert-Beer law in visual colorimetry 
occurs in connection with the use of colorimeters of the Duboscq type where the thickness 
of the layers of two solutions differing only in respect to the concentration of a colored 
solute are adjusted until a color match is obtained. Then, 

-log(l/lo)i = -log(l/lo)2 = = k' 02-^2 


whence, 

If the concentration of the colored solute of one of the solutions is known (the standard), 
the concentration of the colored solute in the other solution (the sample) may he calcu- 
lated readily. Best results are obtained when the concentrations of the standard and 
sample are of the same order of magnitude. In any case where a method is being instituted 
one should determine that Beer's law holds sufficiently over the working range of concen- 
trations for the precision desired. 

Photoelectric Colorlmetiy : At present it appears that visual colorimeters will be 
almost, if not completely, replaced by photoelectric colorimeters. This would seem to be 
a natural development in colorimetry followirg the development of sensitive, rugged, elec- 
trical devices for measuring light intensity. With colorimeters employing such devices 
the accuracy of a determination is not dependent on the visual acuity of the operator. 
Usually sensitive photocells are used to measure the light transmitted; it is necessary to 
express this in arbitrary units only. These photocells extend the range of colorimetric 
analysis to Include very low concentrations of a colored substance. They allow more ef- 
fective use of filters to obtain light that is selectively absorbed by a particular colored 
substance. This not oiUy increases the accuracy of a determination, but also may allow 
one colored substance to be determined in the presence of others, or two or more colored 
substances to be determined in the same solution. When more than one colored substance 
is present they can be determined best when they possess absorption bands in widely dif- 
ferent parts of the spectrum. Then by successively using a light filter transmitting 
light absorbed only by one of the colored substances present, each substance can bo deter- 
mined in turn. 
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Photoelectric oolorimetera are usually designed such that the layer of the colored 
solution is constant. This is assured hy the xise of absorption cells of various types 
that -can he accurately aligned in the ll^t beam so that the light traverses the same 
thlcloiess of solution each time. Because of the inconvenlenca of preparing standards, and 
because a more complicated light system and electrical circuit is entailed in comparator 
type instruments, moat modem photoelectric colorimeters are designed to determine direct- 
ly the fraction of light transmitted by the colored solute in the aan^le. The value ob- 
tained is then used to Interpolate the result graphically, l.e., the concentration of the 
sample Is read from a calibration curve. The calibration curve la obtained by plotting 
the fraction of light transmitted against various Joiown concentrations of the colored sub- 
stance under the same conditions used for the samgjle. These conditions include the use 
of: the same wavelength band of light; the same concentration of reagents; the same sol- 
vent; and the same absorption cell, or matched absorption cells. Due consideration must 
be given to the timing of operations in those instances where a period of time is required 
for the maximum color to develop after the reagents have been added to the sample, or 
where the color is stable only over a certain period of time. Ordinarily, temperature is 
not critical since the determinations are carried out over a rather narrow range of room 
temperatures; however, it may become an Important factor if the temperature variation is 
sufficient to cause changes in ionization, dissociation, or a shift in equilibrium involv- 
ing the colored substance. VIhen heat la used to develop a colored substance, the solution 
is cooled to room temperature before its transmission is measured. 

It is evident from a consideration of Equation 55 or 5 *^ that if L is held constant 
the concentration of a colored substance is inversely proportional to the light transr 
mltted, l.e., a straight line should be obtained if log Iq/I Is plotted against concentra- 
tion. However, in actual practice this may not be the case; rather the line may be curved, 
or it may be essentially straight over only a portion of the concentration range. These 
deviations may result from the use of light which is not sufficiently monochromatic, the 
presence of interfering colored suhstances, or changes in the ahsorhlng material Itself 
due to different degrees of ionization, dissociation, or combination with the solvent or 
reagents present as its concentration is changed. The deviation is corrected for if one 
prepares a standard curve and uses it to interpolate the data obtained. It is particular- 
ly desirable to determine whether or not a straight line is obtained, i.e., whether or not 
Beer's law holds for the set of experimental conditions and over the range of concentration 
of the colored substance being determined. If the line is straight, any number of final 
results may be obtained more readily and perhaps more accurately by calculation using a 
suitable calibration factor than hy interpolation from a standard curve. 

A calibration factor for use in oeLlculatlng the concentration of a colored suhstance 
from the "reading" obtained with a photoelectric colorimeter may be obtained readily. In 
the two general procedures outlined helow, where two types of colorimeters are employed. 

It should he understood that we do not wish to imply that the colorimeters named are 
necessarily the most satisfactory. It so happens that we have had occasion to use the two 
instruments, but the choice of a colorimeter is left to the individual investigator. 

For photoelectric colorimeters employing a galvanometer connected directly with a 
photocell to measure the light intensity, e.g. , the Evelyn photoelectric colorimeter 
(of. Bulletin 1^60 of the Hublcon Company, 29 N. Sixth Street, Philadelphia), the light 
intensity is regulated to give a constant galvanometer deflection of 100 scale dlvislonB 
when a hlant (the solvent only, or a test mixture containing a quantity of pure water equal 
to tl&t of the sample to be used treated with the same reagents, etc.) is inserted in the 
light beam. The blank is then replaced with a standard and the galvanometer reading, 0, 
noted. 1316 oalihratlon factor, K, la then, 

K = l/c (log 100 - log G) 

= 1/0 (2 - log 0 ) 

Then in using the calibration factor, 

c = 1/K (2 - log G) 
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The actual calculations are simplified by the use of a 2-log G- table supplied with the in- 
strument . 

In the case of colorimeters which enjiloy a potentiometer circuit to balance the out- 
put of two photoelectric cells, e.g., the KLett-Summeraon photoelectric colorimeter (cf. 
General Directions for this instrument, Klett Manufacturing Company, New York), the galvan- 
ometer is first adjusted to zero with the blank In the light beam by varying a suitable 
resistance; with the standard replacing the blank the galvanometer is readjusted to zero 
by adjusting the potentiometer. Since the potentiometer scale is logarithmic the scale 
reading, E, is directly proportional to the concentration of the standard. Then, 

K = i/h(c) 

and in using the oallhratlon factor, 
c = KE 

Thus in either case outlined above the calculations are no more difficult than those 
necessary when a visual comparator-type colorimeter is employed. 

Further information on colorimetry and colorimeters may be found in books by Gibb 
(l9*+2) and Snell and Snell (I9I18). Brochures published by the manufacturers of colori- 
meters are generally replete with information on the care of these Instruments, details of 
operation and specific applications. 

J. F. Stauffer 


METHOD FOR NITROGEN 

Total Nitrogen ; Johnson (19*H) has described the following micro method for deter- 
mining nitrogen. A sample containing 10 to Uo miorograms of nitrogen is pipetted into an 
18 X 150 mm, Pyrex test tube (the tubes are matched for oolorimetrlo analysis), 1 ml. of 
2 N H2SO4 containing 0.2 g. per liter of CuSeOj (or an equivalent mixture of CuSCj^ and 
Na2Se05) is added, and the tube la covered with a loose glass cap. The contents of the 
tube are then digested overnight in a digestion rack kept In an oven. The electrical ele- 
ments serving as the heat source for the oven are located at the base of the tubes; they 
raise the temperature of the oven to 100-115° C. which insures rapid evaporation of water, 
but the temperature at the base of the tubes is much higher. The heating is such that 
after the water has evaporated, the HgSQ, condenses within J cm. of the bottom of the 
tube. To the tube, after digestion, are added in order 2 ml. of water, 2 ml. of color 
reagent, and 5 ®1. of 2 N NaOH. (The color reagent contains per liter, 1+ g. of KI, k g. 
of Hgig, and 1,75 g- of gum ghattl. Dissolve the KI plus Bgig in 25 ml. water. Select 
light colored pieces of gum ghatti to reduce the blank, grind them in a mortar, drop the 
powder into 750 ml. of boiling water and reflux until dissolved. Add the KI and Hgig 
solution to the gum ghattl solution, dilute to 1 liter and filter. Beplaoe the filter 
paper periodically to speed filtration.) After standing 15 minutes, the tube is placed in 
a photoelectric colorimeter, and a reading taken. A h'^0 mp filter le used. Blanks and 
nitrogen standards are always run with each seriee of samples. The extinction coefficient 
is proportional to the quantity of nitrogen for samples containing leas than 45 micrograma 
of nitrogen. Known samples can be recovered with an error of 5jt or less. When this method 
is used with samples having a low percentage of nitrogen, 2 ml. of digestion reagent may 
be used. A drop of nitrogen-free 30)t HgOg may be added if digestion proves difficult. 

Ammonia : Place an aliquot containing less than 40 micrograma of ammonia nitrogen in 
an 18 X 150 mm, test tube and adjust the volume to 2 ml. Add 2 ml. of color reagent and 
then 3 ml. of 2 N NaOH, and proceed with the determination as described under total nitro- 
gen. 


METHOD FOR GLUCOSE AND OTHER SUGARS 

Details of detection and quantitative estimation of a number of sugars are given by 
Bates (19*+2) and by Gurln and Hood (1939> T9**-l). Methods for pentoses (ribose, arablnoae, 
xylose) and for fructose are given In Chapter I 5 . 
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Glucose may te determined by the method of Folln and Malmros (I 929 ). The sample is 
made to 4 ml. in a colorimeter tube, 2 ml. of 0.40^ K^Fe(CN)g and 1 ml. of carbonate- 
cyanide mixture are added. The sample is mixed, heated 8 minutes in a boiling water bath, 
cooled 1-2 minutes, and 5 nil. ferric iron solution is added to produce the color. The 
volume is made to 25 ml. with distilled water, and the color is read using a 520 mp filter. 

Range : 10-100 micrograms glucose equivalents (this method actually measures "reduc- 

ing value" rather than glucose as such, and results are reported under the term "reducing 
value" in Chapter 15 ). Precision : + 0.4 mlorogram. 

Reagents: Carbonate - cyanide : Dissolve 8 grams anhydrous Na 2 CC^ in 40-50 ml. water, 
and add 15 ml. freshly prepared 1^ NaCN. Dilute to 500 ml. Stable for long periods. 

Ferric iron : Soak 20 grama gum ghattl in one liter of water for 24 hours. The gum is 
suspended in the water in a cheesecloth bag. Add a mixture of 5 grama anhydrous Fe2(3(J).)j, 
75 ml. 855t ^PC4 and 100 ml, water. After mixing add slowly about I 5 ml. of 1^ KMnQi^ to 
deatrov reducing materials present in the gum ghattl and allow the solution to stand for a 
few days. Stable for long periods. 

Hiero modification : Park and Johnson (1949) have modified the method to make it suit- 
able for the analysis of smaller amounts of glucose. The procedure follows: Dilute the 
sanqile to 1 ml., add 1 ml, carbonate-cyanide mixture and 1 ml. KjFe(CN)g solution. Mix. 
Heat 15 minutes in a boiling water bath. Cool. Add 5 ml. ferric iron solution. After 
15 minutes, read in a colorimeter with a 690 mp filter. Range : 1-9 micrograms. 

Precision : + 0.2 mlorograms. 

Reagents for micro modification: Ferrl cyanide solution : 0.5 g. K 5 Fe(CR )6 per liter; 
store in a brown bottle. Carbonate- cyanide : 5-3 6 - NaeCOj plus 0,65 g. KCN per liter. 
Ferric iron : 1.5 g. FeNB^rscijl^^l^O plus 50 ml. 1 N. HgSOb plus 1 g. Duponol (ME dry); 
diluted to 1 liter. 


METHODS FOR PHOSPHORUS 

Phosphorus may be determined by methods described in Chapter 15 . If a slightly longer 
range la desired the followirg procedure may be employed: 

The sample is mixed in a colorimeter tube with 2 ml. 2 ,% ammonium molybdate made up 
in 5 N H 2 SO 4 , and the sample is diluted to about 20 ml. One ml. reducing reagent la added, 
and the aaaqile la diluted to 25 ml. Range : 10-100 mlorograms phosphate-phosphorus. 
Precision : +0.3 mlorogram. Micromodlfl cations are easily devised by a proportionate 
reduction of all reagents. 


METHOD FOR LACTIC ACID 


Lactic acid may be determined by the method described In Chapter 15, page 192. 


F. F. Umbreit 


METHOD FOR PYRUVIC ACID 

Pyruvic acid is readily determined in biological materials by the method of Lu (1939) 
as modified by Bueding and Wortls (1940) and Elgart and Nelson (1941). When pyruvic acid 
is to be determined in blood it is essential that it be stabilized immediately by the 
addition of lodoacetate to a finsU. concentration of 0.2^. The iodoacetate prevents the 
loss of blood pyruvate but care should be taken to deproteinize the blood as soon as pos- 
sible in order to prevent an Increase in pyruvate. Suspensions of cells or tissue homoge- 
nates which have been used in manometric experiments may be pipetted directly from the 
resplrometer flask into trichloracetic acid. 

Reagents: Solutions are given as grams of solute per 100 ml, final volume of solu- 
tion. ( 1) 25)t solution of lodoacetlc acid in water adjusted to pH 7.8 with sodium hydrox- 
ide. (2) 10)t trichloracetic acid. (5) 0.1)t 2,4-dl-nltro-phenylhydrazlne in 2 N HCl. 

(4) Ethyl acetate. (5) 10)t sodium carbonate. ( 6 ) 2 N NaOH. 


CHEMICAL METHODS 


165 


Procedure : Three ml. whole blood (dravm Into a tube containing sufficient iodoace- 
tate to give a final concentration of O.Sjt) are added slowly with continual shaking to 
12 ml. 105^ trichloracetic acid in an Erlenmeyer flask. Tissue suspensions from Warburg 
flasks are added to volumes of trichloracetic acid. After standing for a few minutes 
the precipitate is filtered or centrifuged off. 

Three ml. of the clear filtrate (or supernatant fluid) are added to 1 ml. of the 
2,k-dl-nitro-phenylhydrazlne solution in a conical centrifuge tube. After standing at 
room temperature for 10 minutes, ml. of ethyl acetate are added and the two layers are 
mixed (preferably by bubbling a stream of nitrogen through a capillary pipette whose tip 
rests lightly on the bottom of the tube). After mixing, the layers are allowed to sepa- 
rate and the lower one (water) is carefully drawn off (with the same pipette) and trans- 
ferred to a second centrifuge tube. The aipueous layer (in the second centrifuge tube) is 
extracted twice with 2 ml. portions of ethyl acetate and the extracts added to the d ml. 
of ethyl acetate in the original tube. The aqueous layer should now be colorless and may 
be discarded. The combined ethyl acetate extracts are treated with exactly 2 ml. of lO^t 
sodium carbonate. The layers are mixed (preferably with nitrogen) for several minutes. 
After the layers have separated the sodium carbonate layer la quantitatively transferred 
to another tube and the extraction of the ethyl acetate repeated twice using exactly 2 ml. 
of sodium carbonate each time. The combined sodium carbonate extracts are then extracted 
once with 1 ml. of ethyl acetate, the latter removed, and the carbonate extract trans- 
ferred to a colorimeter tube. Four ml. of 2 M NaOH are added and the contents mixed. The 
color is read in 10 minutes in a photoelectric colorimeter with a filter having the maxi- 
mum transmission at 520 n^i. Bange : 5 to 55 mlcrograma. Precision : + 2 miorograma. 

A calibration curve is obtained by the use of freshly distilled pyruvic acid (see 
page 158 and page 208) as a standard. Where large numbers of samples are to be analyzed, 
a series of tubes fitted into an aeration train arranged so that nitrogen can be bubbled 
through them all simultaneously is convenient. 

If acetoacetic acid is present in the material to be analyzed it may be eliminated by 
adding l/lO of its volume of concentrated HCl to the protein-free filtrate and heating on 
a boiling water bath for 1 hour (Elgart and Nelson, 19*tl) . Concentrated NaOH (equivalent 
to the HCl) is then added, the solution cooled, and analyzed as described. 

Pyruvic acid also may be estimated colorimetrlcally by the salloylaldehyde method of 
Straub (I 956 ) or manometrically using carboxylase (see Chapter Ik). 


METHOD FOR CITRIC ACID 

This compound has always been most difficult to estimate. It may, however, be deter- 
mined colorimetrically with a rather high degree of accuracy. The citric acid is oxidized 
under controlled conditions with potassium permanganate in the presence of bromine, and is 
thus converted into pentabromoacatone; this may be measured by the color produced upon 
addition to sodium sulfide. Pucher, et al. (195**-, 1936, 19kl) and Purlnton and Schuck 
( 191 + 5 ) have proposed specific quantitative methods based on this principle. All of these 
require the quantitative extraction of the pentabromoacetone and employ other rather in- 
volved procedures. The following method is somewhat simpler and only a single extraction 
la made. A single extraction was found, to remove a constant amount of the total penta- 
bromoacetone in any series of samples of uniform volume. The method is described by 
Perlman, Lardy and Johnson (I9kk). 

Beagents : (1) Sulfuric acid; equal volumes of 951^ sulfuric acid and water. (2) 1 M 
KBr. ( 5 ) Saturated bromine water, (k) yja H 20 p. (5) Pentroleum ether (acid washed 
"Skelly Solve B"). (6) Dloxane-water mixture te<iual volumes of dioxane and water). ( 7 ) 

Sodium sulfide solution (k gms. NagS*9Hp0 per 100 ml. solution). (8) I .5 N potassium 
permanganate. (9) "Weak" permanganate (0.1 N). 

Preparation of samples : If the samples are known to contain reducing materials, 
aliquots (preferably containing less than 25 mg. citric acid) are placed in 1 " x 8 " pyrex 
test tubes, 2 ml. sulfuric acid is added and the total volume is adjusted to about 20 ml. 
After boiling for a few minutes, the solutions are cooled and 5*5 ml. of bromine water is 
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added. After 10 minutee any precipitate which may form Is removed hy centrifugation. The 
supernatant liquid la decanted off and made to 25 ml. If the aamplee do not contain appre- 
ciable amounta of reducing materials this treatment may he omitted. 

Procedure : Allquota of the sample (containing between 0.2 to 2.0 mg. citric acid in 
a volume of 3-5 ml. or less), are placed in test tubes (the 18 by 150 mm. size is conveni- 
ent) graduated at 5 and at 10 ml. Add 0.3 ml. sulfuric acid, 0.2 ml. KBr and 1 ml. of the 
1.5 U permanganate and adjust the total volume to about 5 ml. The tubes are allowed to 
stand for 5 minutes at room temperature and then chilled in an ice bath. The excess per- 
manganate la decolorized with hydrogen peroxide (care must be taken to keep the reaction 
mixture below 5° C. during this step). Any excess peroxide is removed with "weak" per- 
manganate. The total volume la now adjusted to exactly 10 ml. and 13 ml. of petroleum 
ether is added. The tubes are stoppered, shaken vigorously and centrifuged (to break any 
emulsion that may form). Ten ml. portions of the petroleum ether extract are added to 
colorimeter tubes containing 5 ml. water-dloxane and 5 ml. sodium sulfide solution. The 
colorimeter tubes are stoppered, shaken vigorously and centrifuged. The color produced 
should be a light yellow and will be fully developed in 5 minutes. It is stable for 
several hours. The absorption (in the aqueous bottom layer) is measured at 4oo-h50 m. , 
usually the h20 filter la used. A tube containing no citric acid, but which has gone 
through exactly the same procedure is used as a blank. The content of citric acid la cal- 
culated from at least two standards (at different levels) which are run with each set of 
aanqilea. Bangs : 200-lfi00 mlcrograms citric acid. Precision : + 10 micrograms. 

Precautions : If too large a sample of citric acid has been used, a somewhat red 
(rather than yellow) color will be developed. In this case a smaller aliquot of the 
petroleum ether may be added to the dioxane-water-sulfide thus avoiding another coagilete 
analysis. When only small quantities of the material are available for analysis, the pre- 
liminary acid and bromine treatment may be carried out in a volume of less than 5 ml- ih 
which case the whole sample may be treated with permanganate. The following are critical 
points in the procedure: (l) An excess of Bq02 or permanganate must not be present in the 
solution before the petroleum ether extraction. Excess HgOp gives low recoveries, excess 
permanganate gives high recoveries. (2) The solutions must be thoroughly chilled before 
the excess permanganate is removed or erratic results will occur. (3) Some stabilizing 
agent must be present during the formation of the colored reaction product of the penta- 
bromoacetone and the sodium sulfide. Both 50lt dioxane-water and ^<yf> pyridine-water have 
proven satisfactory, (h) Sometimes the petroleum ether contains Interfering materials. 
These can be removed by washing with acid. (5) The pentabromacetone should not be allowed 
to remain in the petroleum ether for more than 15 minutes. 

Isooltric acid, ols-aconltic acid, trans-aconltlc acid, oxalacetio acid, and gluconic 
acid do not Interfere with this method. 

H. A. Lardy 


REFEBENCES 

Bates, F. J. (1914-2^ National Bureau of Standards, Circular C hhO. Government Printing 
Office, Washington, D. C. 

Boiaook, H. and Dubnoff, J. W. (1959) J. Biol. Chem., 151 :165. 

Buedlng, E. and Wortls, H. (19^40) J. Biol. Chem., 155 :5o5. 

Conway, E. J. (19t0) Microdiffusion Analysis and Volumetric Error . Van Nostrand Co., 
New York. 

Elgart, S. and Nelson, N. (191+1) J. Biol. Chem., 158:41+5. 

Folln, 0. and Malmros, H. (1929) J. Biol. Chem., 8j:115. 

Gibb, T. E. P. (I9I+2) Optical Methods of Chemical Analysis . McGraw-Hill Book Co., 

New York. 

Grant, W. M. (I9I+6) Ind. Eng. Chem. (anal. Ed.), ^:T29. 

Grant, W. M. (1947) Ind. Eng. Chem. (anal. Ed.), ^:206. 

Gurln, S. and Hood, D. B. (1939) J- Biol. Chem., 151 :211. 

Gurln, S. and Hood, D. B. (1941) J. Biol. Chem., 159:775. 

Hennessy, D. J. and Cerecedo, L. B. (1939) J- Amer. Chem. Sqc., 61:179. 

Isherwood, F. A. (1946) Biochem. J., 40:688. 




CHEMICAL METHODS 


165 


Johnson, M. J. (19*+!) J. Biol. Chem., 157:979- 
Lu, G. D. ( 1959 ) Biochem. J., 2^:249. 

Malley, E. D., Conway, E. J. and Fitzgerald, 0. (1943) Biochem. J., 37:278. 

Martin, A. J. P. and Synge, E. L. M. (1949) Advanoee In Protein Chemistry, 2:1. 

ParJc, J. T. and Johnson, M. J. (1949) J. Biol. Chem., 16:919- 

Perlman, D., Lardy, E. A. and Johnson, M. J. (1944) Ind. Eng. Chem. (anal. Ed.) In Press. 
Puoher, G W., Sherman, C. C. and Vickery, H. B. (1936) J. Biol. Chem., II 3 : 239 . 

Pucher, G. W., Vickery, H. B. and Leavenworth, C. S. (1934) Ind. Eng. Chem. (anal. Ed.) 

6:190. ’ 

Pucher, G. W., Wakeman, A. J. and Vickery, H. B. (1941) Ind. Eng. Chem. (anal. Ed.) 
12:244. 

Purlnton, H. J. and Schuck, C. (1943) J. Biol. Chem., 148 :237. 

Snell, F. D. and Snell, C. T. (1948) Colorimetric Methods of Analyele. 3rd Ed., Vol. 1, 
Van Noatrand Co., New York. 

Strauh, F. B. (1936) Zelt. physiol. Chem., 244:117. 

Warner, H C. (1942) J. Biol. Chem., 1^:709, 729 , 741. 

Werch, 3. C. (1941) J. Lat. Clinical Med., ^:878. 

Williams, E. J. and Klrty, H. (1948) Science, 107 :481. 

Wlnnick, T. (1941) J. Biol. Chem., l4l:119. 

Wlnnick, T. (1942) J. Biol. Chem., ^:451, 46l. 


Chapter XIV 

MANOMETRIC ESTIMATION OF METABOLITES 
AND ENZYME SYSTEMS 

INTRODUCTION 

The popular usage of tnanometric squlpment for measuring the overall metabolic gaa ex- 
change of biological systema has overshadowed to a considerable extent the great ueefulnesa 
of this equipment for acre specific chemical determinations. As has bean previously- 
pointed out, any reaction which results in either the production or utilization of a gas 
can be followed with great accuracy using a manometrlc apparatus. Further, reactions 
which give rise to end products having acidic groups can be accurately followed by allow- 
ing the reaction to take place in a bicarbonate medium. 

In most manometrlc experiments involving biological transformations the quantity of 
metabolite involved la usually of the order of 0.5 to 5 The manometrlc eq-ulpment is 

particularly suitable for semi-micro determinations in this range. 

The recent development of mlcro-colorimetrlc methods and equipment has tended to re- 
place older manometrlc methods. In many cases this represents a welcome Improvement. How- 
ever, there still remain a large number of metabolites which are peculiarly suited to mano- 
metrlc estimation. This is particularly true where specific enzyme systems can be util- 
ized. Thus, the important metabolite succinic acid can be accurately determined in small 
quantities only by means of a manometrlc method employing a sucolnoxidase preparation. In 
certain instances one may have a choice of an equally suitable oolorlmetrio or manometrlc 
method. For example, urea can be readily determined oolorimetrieally (Archibald, 19l^5) or 
manometrloally with urease at pE 5 (Krebs and Henselelt, 1952). The choice of one or the 
other method will be determined by the type of equipment available, the experimental set- 
up, etc. In the author's experience with studies of urea synthesis it was found to be 
more convenient to use the manometrlc technique, since the estimation could be carried out 
directly In the same vessels after removal of the tissue. Obviously one's decision to use 
one or the other analytical method will be determined to a considerable extent by the 
experience of the investigator, the type and amount of equipment available, the accuracy 
requirements of the experiment, etc. 


SUCCINIC ACID 

Principle : This method was first worked out by Szent-Gyorgyl and Gozsy (1955) and 
simplified and improved by Krebs (1957)- In principle the method depends upon the extrac- 
tion of succinic acid by means of ethyl ether. The aucclnio add Is then oxidized by 
means of a suocinoxldase preparation and the Op concmptlon measured. The following reac- 
tion takes place (55): 

(55) COO9-CH2-CH2-COOH + y O2' ► COOH-CH = CH-COOH HgO 

The -specificity of the method is insured by (1) washing the succlnoxldase preparation free 
of coenzymea, and (2) the insolubility in ethyl ether of coenzymea present In the biologi- 
cal system. 

Preparation of the sample for extraction : It is desirable to add a deproteinizlng 
agent to the sample before extraction in order to avoid emulsification at the ether-water 
interface. Sulfuric acid plus sodium tungstate usually has been employed. Hcwever, Krebs 
and Eggleston (19'^8a) recently have pointed out that In the presence of phosphate Iona, 
excess tungstic, acid is converted to phosphotungstlc acid which is extractable with ether 
and which is a powerful inhibitor of auccinlc dehydrogenase. The formation of inhibitory 
quantities of phosphotungstate is readily prevented by avoiding an excess of tungstate. 
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Krets and IJggleston recommend a preliminary determination of the minimum amount of sodium 
tungstate required to give a protein free filtrate using an allguot of the material heirg 
studied, '(there the aucclnio content is low it is test to deliver the total sample into 
the extraction apparatus and then add the deproteinlzing reagents and extract directly. 

To insure an adequate acidity, it is necessary to add an excess of usually 1-2 ml. 

of a 10^6 solution. 

Extraction with ethyl ether : It is essential that the ethyl ether te freed of per- 
oxides "before using* This la best accomplished by storing a large quantity of etlier over 
metallic sodium and freshly distilling portions as needed.^ This involves little trouble 
if a condenser and a distillation and receiving flask are permanently fixed at the steam 
bath used for the extraction apparatus. Such a set-up allows for efficient recovery of 
the ether remaining after the completion of the extraction. The removal of peroxides is 
essential since the succlnoxldase preparation has potent catalase activity, and the libera- 
tion of oxygen by this system will Interfere in the manometric estimation of oxygen con- 
sumption. 

A simple and efficient extraction apparatus is that of Kutscher and Steudel as illus- 
trated in Ilg. 55. The extractors may be made to contain different volumes of from 15 to 
50 ml. The latter size has been found convenient and adaptable for extracting volumes of 
from 10-55 ml. Since the efficiency of extraction is 
determined in part by the height of the aqueous column, 
funnels of different diameters can be employed. Thus 
with small aqueous volumes, a funnel of wide diameter 
when filled with ether will heighten the aqueous column 
outside the funnel very considerably and so enhance the 
extraction efficiency. The efficiency of extraction is 
determined by such other factors as the rate of boiling, 
the tenperature, the fineness and speed of the ether 
bubbles passing throigh the aqueous layer, etc. It is 
essential that the efficiency of, extraction be determined 
for each extractor by estimating the recovery of known 
amounts of succinic acid. As an aid in estimating the 
rate of extraction, indicators with suitable partition 
coefficients may be employed (see Krebs, Snyth and Evans, 

I9I0). The author has found that the addition of a few 
drops of phenol red (0.015t aqueous) to the fluid to be 
extracted will serve not only as an extraction indicator 
(about 60 per cent of the succinic acid will have been 
extracted when the phenol red disappears from the aqueous 
phase) but in addition serves as a neutralization indi- 
cator in the extract. It should be pointed out that at a 
low pH phenol red has a pink color not unlike that seen 
in the region of pH 7 * 

When the extraction is completed, 1-2 ml. of 0.1 M 
phosphate buffer, pH 7 -** Is added to the ether solution 
and the ether distilled off. The last traces of ether 
are removed hy concentrating the aqueous residue on the 
steam bath to approximately 0.5 to 1 ml'. The residue 
la then transferred to a small graduated cylinder (a 
graduated I5 ml. centrifuge tube Is convenient) by means 
of a 1 ml. pipette. The flask is rinsed several times 
with small volumes ( 0 . 2 - 0. 5 nl.) of 0.1 M phosphate 
buffer and the washings added to the contents of the 

graduated tube. Since the solution in the flask is colored due to, the presence of the 


^The storage flask of ether plus sodium can be conveniently closed off by means of a "Bun- 
sen valve". This is merely a short piece of rubber tubing sealed at one end with a tight 
fitting glass rod. The rubber tubing la slit with a razor blade, and then fitted over 
the glass tubing projeotli^ from the cork stopper of the flask. When the pressure inside 
the flask increases it will permit escape of the gases (hydrogen or ether vapor) through 
the silt in the tubing. 


t To condenser 



mm. 


FI 6. 55 

Xutscher-Steudel extrtctlon 
(PPiratus. 
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phenol red, the dlaappearance of the color in the successive washings can serve as a guide 
In determining the completion of transfer. The solution in the tube is now adjusted to 
the proper pH, i.e., T-**-, ty the dropwise addition of dilute NaOH, if necessary. The 
final voluine of the extract should he adjusted according to the succinic acid concentra- 
tion. Since 1 ml. aliquots are usually employed. It is desirable that this amount should 
contain between 0.2 and 1 wg, of succinic acid. This would represent an uptake of 19 and 
95 pl. of Op respectively, which is a convenient range. 

Preparation of auccinoxldase : A simple and suitable succinoxidase preparation can be 
made as follows: Pigeon breast, pig or sheep heart muscle is freed of fat and connective 
tissue. It is then coarsely ground in a meat chopper and suspended in 10 volumes of ice- 
cold distilled water. The suspension is frequently stirred during the first 10 minutes 
and then allowed to settle in the cold room; The supernatant is decanted and the residue 
sucked through a double layer of cheesecloth on a Buchner funnel. The muscle pulp is then 
resuspended in cold distilled water and the procedure la twice repeated. After the third 
washing, the muscle pulp is dried as completely as possible by suction. For use, a portion 
of the pulp la suspended in four to five times its weight of 0.1 M phosphate buffer 
(pH 7-**). This la best accomplished by grinding with a glass mortar and pestle. For stor- 
age, the muscle pulp is placed in a tightly covered container and allowed to freeze solid 
in the freezing compartment of a refrigerator. In this state the preparation remains 
actl^'e and with a low blank 0j> uptake for several weeks (Cohen, 19it0a). In this connection 
it should be pointed out that freshly dissected pigeon breast or freshly killed mammalian 
heart muscle can be stored for months if frozen solid in covered containers and still 
yield very active succinoxidase preparations. Where fresh tissue is not readily available 
at all times this procedure is recommended to Insure a continuous supply of enzyme. The 
phosphate suspension .of the muscle pulp develops an appreciable blank O2 uptake after 2^+ 
hours. Since the suspension Is rather pasty, it Is necessary to pipette it with a wide 
mouthed pipette. This is best accomplished by breaking off the fine tip from a 5 ®il- 
pipette, flaming it, and then recalibrating to deliver } ml. 

A dry preparation of succinic dehydrogenase has been described by Well-Malherbe 
(1957)* Brilliant cresyl blue is used as a carrier. 

Manometrlc estimation of succinic acid : Warburg flasks of about 20 ml. capacity with 
a center well and a sldearm of 1 ml. capacity are usually employed. To the center well is 
added 0.2 ml. of lO^t KOH plus a square of filter paper. The succinic acid solution, usual- 
ly 1 ml., la added to the sldearm. The succinoxidase suspension, usually 5 ml. is pipetted 
into the main compartment. The control vessel is made up in the same way excepting that 
1 ml. of 0.1 M phosphate buffer, pH 7-** with a drop of phenol red, is placed in the aide- 
arm. The bath temperature is usually A0° C. After a 10 minute shaking period with the 
stopcocks open for equilibration, the manometer fluid is adjusted so as to provide a maxi- 
mum scale for reading and the stopcocks are then closed. Eeadlngs are then taken every 
5 minutes until the O2 uptake is constant in the different manometers. This may require 
anywhere from 1 to 5 successive readings depending on the temperature of the solutions, 
the rate of shaking, the thickness of the succinoxidase suspensions, etc. After equi- 
libration is attained, the content of the sldearm la delivered into the main compartment 
and the ranometers swirled once or twice to insure mixing. The manometers are then tipped 
back and forth once or twice to insure mixing of the solution remaining in the sldearm 
with the enzyme suspension. A small amount of the suspension is left in the sldearm to 
insure oxidation of the last traces of the succinic acid. Headings are then taken every 
10 minutes until the A values (uptake per unit time) of the control and the experimental 
manometers are equal on two successive readings. The reaction is usually complete In 1+0 
minutes. However, in the presence of high salt concentrations, high concentrations of 
fumarlc, a'ketoglutaric and oxalacetic acids, the reaction rate is slowed up so that 
periods as long as 90"120 minutes may he required to complete the reaction. 

Determination of succinic acid in the presence of malonlc acid : It is usually neces- 
sary to add malonlc acid to aerobic biological systems in which succinic acid synthesis 
is to be determined. This substance Inhibits the oxidation of succinic acid. It is 
therefore necessary to remove the malonlc acid before the succinic acid determination can 
be carried out. This is most simply done by oxidation with acid permanganate using a 
procedure similar to that employed for a-ketoglutarlo acid determination (see page I69). 
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Malonlc acid is readily oxidized by acid permanganate while succinic acid is not. If 
a-ketoglutarlc acid is present in this system, which will be llhely, it will be converted 
to succinic acid by the permanganate treatment and therefore will bo included in the suc- 
cinic acid determination. Should it be desired to determine succinic acid only, it is 
possible to remove the succinic and malonlc acids from the a-ketoglutaric acid by the 
addition of NaBSCt in slight excess, and enough to make the solution 0.04 N. Since 

the sulfite addition product of a-ketoglutarlc acid is relatively insoluble in ether, the 
succinic and malonlc acids can be extracted with ether (Weil-Malherbe, 1937). After re- 
moval of the ether the malonlc acid can be destroyed by oxidation with acid permanganate, 
leaving succinic acid (Krebs and Eggleston, 19h0). 

Analytical range : The smallest quantity of succinic acid which can be determined by 
the manometrlc method is limited chiefly by the accuracy of the manometrlc equipmenjt. 

Since 0.05 ng- of auccinic acid is equivalent to 1.75 ;il. of Og uptake, this amount' can be 
considered the lower limit of the method. 

Calculation : 

pi. Og uptake is converted to mg. of succinic acid as follows 
X 1.18 = mg. succinic acid 

112 

It should be noted that 1 pi. Og uptake is equivalent to 2 pi. succinic acid. 


a -KETOGLUTARIC ACID 


Principle : This method depends on the conversion of a-ketoglutarlc acid, either as 
such or in the form of its dlnitrophenylhydrazone, to succinic acid by oxidation with acid 
permanganate (Krebs, 1958) (Equation 56). The succinic acid formed is then determined by 
means of a succlnoxidase preparation as described in the previous section. 

(56) COOH-CB2-CH2-CO-COOH COOH-C^-CHa-COOH + CO2 


Beagents : 


1 ) 50^ E 2 SO 4 . 

2) lO^t Na2WCl. 

5) 0.8 N HgSOb. 
k) 3^ KMnCi^. 

5) 2:1 dinltrophenylhydrazine, Ijt dissolved in lO^t :^S0i(. 

6) Reagents for succinic acid determination. 


Procedure : If appreciable quantities of interfering substances are present ( see 
under specificity) a-ketoglutaric acid is converted to its dlnitrophenylhydrazone (see 
below) and extracted with ether as outlined by Krebs (1958). This is unnecessary with 
many biological systems since the concentration of metabolites which might Interfere is 
not significantly great. In most experiments, therefore, one may proceed as follows. An 
aliquot of the deprotelnized solution la delivered directly into tlie Kutsoher-Steudel 
extractor, followed by 1 ml. of 50?^ HqSCI^ plus 2 ml. of 3^ KMn(^. The solution is allowed 
to stand at room temperature for 50 minutes. If during this time the permanganate is de- 
colorized, more is added. The solution is then directly extracted with ether. The ether 
extract usually contains considerable quantities of MnOg. This, however, does not inter- 
fere with the succinic acid determination but, if desirable, can be readily removed by 
centrifugation after the ether la removed and the solution made up to volume. The proce- 
dure otherwise is the same as that outlined for succinic acid. 


A succinic acid blank is determined by ether extraction of the protein free filtrate 
without permanganate treatment. When high concent rati one of substrates, which react with 
permanganate to yield succinic acid are eiq>loyed, it is necessary to run either a "zero 
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time" blank with this substrate present, or to separate the a-ketoglutario add as Its 
dl nl tropheny Ihydrazone . 

For separation of a-ketoglutarlc acid as Its dlnltrophenylhydrazone, the following 
procedure is employed. To an aliquot of the protein-free filtrate Is added 1-2 ml. of 1^ 
dlnitrophenylhydrazlne solution In 1C$ HgSQ^. The solution is allowed to stand for JO 
minutes and then extracted twice with l/5 volume of ether in a separatory funnel. The 
ethereal solutions are combined and the ether removed by evaporation on the steam bath. 

The residue la dissolved in 2-5 ml. of 2 N NaOH and transferred quantitatively to a gradu- 
ated cylinder of 25-50 ml. capacity. The solution (usually about 20 ml.) is acidified 
with 50^1 HgSQ^ to bring the acidity to about IN. J ml. of KMnOjj are then added and 
the solution allowed to stand at room temperature for about JO minutes. If deoolorizatlon 
of the permanganate occurs during this Interval, more permanganate solution (or solid if 
the volume is to be kept within certain llmita) is added. The final volume la then deter- 
mined, the aolutlon filtered and the succinic acid extracted with ether in the usual manner 
from an aliquot of the filtrate. 


Specificity : Substances which yield appreciable amounts of succinic acid when oxi- 
dized with acid permanganate are a-hydroxyglutaric acid, arginine, butyric acid and glu- 
tamic acid. Krebs and Eggleston (19Wa) recently have pointed out that while glutamic 
acid in pure aolutlon does not yield significant amounts of succinic acid, in the presence 
of deprotelnlzed tissue homogenate up to 70 per cent of theoretical yields may be realized. 
Since glutamic acid is present in considerable concentration in many tissues, it is neces- 
sary to separate the a-ketoglutaric acid as the dinitrophenylhydrazone as previously de- 
scribed or to extract the a-ketoglutaric acid with ethyl ether and then proceed with the 
KMnOl). oxidation. If algnlfloant quantities of the other interfering substances are present 
in the preparations to be analyzed, the separation of a-ketoglutario acid either as the 
dinitrophenylhydrazone or by means of ethyl ether, is indicated. 


Calculation ; The ul. O 2 uptake is converted to mg. of a-ketoglutaric acid as follows: 


pi. O 2 
112 


X 1 . 1*6 = mg. of a-ketoglutarlc acid 


GLUTAMIC ACID 


Principle : This method depends upon the conversion of glutamic acid by means of an 
excess of chloramlne-T to p-cyanopropionic acid, and the hydrolysis of the latter to suc- 
cinic acid according to equations (57) and ( 58 ) (Cohen, 1939)- The succinic acid is then 
determined by means of a succlnoxldase preparation as previously described. 


( 57 ) 
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Beawents : 

1) Citrate buffer, pH (17-65 grama NaiCgIt(>^'2HgO and S.i-O grams of 

CgBgOY'HgO are diaaolved in HgO and diluted to 50 ml.) 

2) 0.1 M phosphate buffer, pH 7.^- (17.8 grams Na2EP0i^ • SH^O are dissolved 

in about 500 ml. of H2O and 20 ml. of 1 N HCl added. The solution is 
then diluted to 1 L. ) 

5) 10^ chloramlne-T (N-chloro-p-toluenesulfonamlde) must be freshly prepared 
before use. 

1) Cone. HCl. 

5) 5)^ KHljCl solution. 

6) Sat. NaOH solution (502()- 

7) Reagents for succinic acid determination. 

Procedure : 

1) Deproteini zatlon 

When tissue siloes are employed it is not necessary to deprotelnlze since 
the small amount of protein present does not Interfere. Tissue minces, 
homogenates, etc., are deproteinlzed with H2SQ4,--Na2WOij solutions. An 
aliq.uot of the filtrate is used for the determination. 

2) Oxidation by chloramine -T 

The solutions to be analyzed are brought to pH 4.7 by the addition of 1-1.5 
ml. of citrate buffer. 2 ml. of freshly prepared 105( chloramlne-T are added 
and the solutions well mixed by shaking. They are then placed in a rack and 
shaken at 4o° for 10 minutes. The reaction is conveniently carried out in 
small Erlenmeyer flasks, or, where tissue slices are employed, the reaction 
may be carried out in the manometric flasks after removal of the slices and 
the alkali in the center well. After 10 minutes shaking the containers are 
removed and placed in an ice bath for 15-20 minutes to precipitate most of 
the p-toluene-aulfonamlde formed as a reaction product, and most of the 
unused chloramine-T. The solutions are filtered while cold, the precipitate 
washed with several small volumes of cold water, and the combined filtrates 
and washings collected in large test tubes (25 x 200 mm.). 

3) Hydrolysis of fl-cyanopropionic acid 

Cone. HCl is added to the filtrate to make a final concentration of not less 
than 12.55t. The tubes are covered and placed in a boiling water bath for 
15 minutes after which time they are removed and allowed to cool. Cone. 

NaOH is added dropwlse until the solution becomes hot. At this point 0.5 ml. 
of 5lt NHlj.Cl solution is added and the contents well mixed. The NHij,Cl decom- 
poses traces of chloramlne-T which if present will decolorize the indicator. 
The solution is cooled and a few drops of phenol red are added. The solution 
is then made alkaline to a purple color. A large excess of alkali should be 
avoided as the p-toluene- sulfonamide forms a salt in strongly alkaline solu- 
tion. The solution is then transferred to a Kutscher-Steudel extractor and 
extracted with ether. The, alkaline solution is extracted with freshly dis- 
tilled ether for a time sufficient to remove the remaining traces of 
p-toluene-sulfonamlde (usually 1-2 hours). After this time, the extraction 
flasks are removed and replaced by clean ones. The contents of the extrac- 
tors are then acidified with 2-3 ml- of lOjt EgSC^. The phenol red will 
change to a light yellow-pink color. Additional ether is then added and the 
extraction resumed for ^wo hours or more. (See discussion under succinic 
acid determination. ) 

Preparation of solution for succinic acid determination : Essentially the same pro- 
cedure is followed as that outlined under succinic acid determination. 

Calculation : The jil. Og uptake is converted to mg. of glutamic acid as follows: 

X 1.47 = mg. glutamic acid 

112 
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Sped f 1 cl ty of the method ; Aside from succinic, only glutamine and glutathione are 
known to interfere with the determination of glutamic acid. Succinic acid la readily 
taken care of hy extraction of the solution without chloramlne-T treatment. This will 
represent a succinic acid blank. Since glutamine will be encountered in appreciable quan- 
tities only under rather special conditions (Krebs, 1935a) this substance will present few 
difficulties. Glutathione, on the other hand, is present in fairly high concentration in 
most tissues. In experiments where glutamic acid formation or disappearance is being 
measured, a "zero time" blank will take care of the glutathione content of the tissue. 
However, if the absolute concentration of glutamic acid is desired, it is necessary to 
separate the p-cyanoproplonio acid from the glutathione homologue by ether extraction. 

For details of this, consult the original paper (Cohen, 1939). 

ASPARTIC ACID FORMATION AND DISAPPEARANCE IN 
TRANSAMINATION SYSTEMS 

As can be seen from Reaction (57), glutamic acid yields 1 mole of CO2 when it reacts 
with an excess of chloramlne-T at an acid pH. This is true of most of the other andno 
acids with the exception of glycine and aspartic acid which yield 2 moles of COo (Cohen, 
19*^0b). Since transamination is concerned chiefly with the following reaction (59); It 
-is possible to 
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determine aspartic acid formation and disappearance in transamlnating systems with the 
above substrate combinations. For purpose of rapid assay of any tissue or cells for 
transaminase activity, or for following activity in purification procedures, the method is 
both accurate and rapid. For analytical details the reader is referred to the paper by 
Cohen, (1940b). This method has been used for study of transamination in animal tissues 
(Cohen and Hekhuls, 19*t-l), in plant tissues (Albaum and Cohen, 19^3) and in bacteria 
(Llchsteln and Cohen, 19^5 and Cohen and Llchsteln, 19*t5)' 

FUMARIC ACID 

Principle : (Krebs, Siyth and Evans, 19**0). Fumaric acid is reduced to succinic acid 
in the presence of zinc and phosphoric acid (60), 

(60) COOH-CE = CH-COOH — 52_^ COOH-CHg-CHg-COOH 


The succinic acid formed la extracted with ether and determined manometrically by means 
of a sucolnoxldase preparation. 

Reagents ; 

1) Meta- phosphoric acid, 51^ solution (made up without heating; can be stored 
in ice box for 1-2 weeks). 

2) Zinc filings, 20-30 mesh. 

3) CuSO^*5HaO, 20jt solution. 

U) 10 M 'phosphoric acid solution (100 ml. phosphoric acid, ap. gr. 1.75, 
plus BgO to 158 ml.). 

5) Reagents for succinic acid determination. 
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Procedure : Deprotelnlzatlon Is carried out ty the addition of 1/5 volume of meta- 
phosphorlc acid. An aliquot of the filtrate la transferred to a Kutsoher-Steudel extrac- 
tor, or a measuring cylinder, and 0.5 grama of zinc filings, 2.3 ml. of phosphoric acid 
and 0.25 ml. of CuSOh solution are added per 10 ml. aliquot. (Excessive frothing can he 
controlled with a drop of capryl alcohol.) After 60 minutes, when the greater part of the 
zinc has been decomposed, the formed aucclnlc acid la extracted directly with ether. The 
auoclnlc acid ao extracted la then estimated aa outlined previously. 

Calculations : The jil. of O2 uptake is converted into mg. of fumarlc acid aa follows: 

^2 X 1.16 = mg. fumarlc acid 
112 

Specificity : 'Malic, tartaric, oxalacetic, aspartic, glutamic, citric and aconltio 
acids do not form succinic acid under the conditions of this method. Maleic acid behaves 
like fumarlc acid, but since It Is not present In biological material it need not be con- 
sidered. If the solution contains succinic acid. It must be determined separately In an 
aliquot before the treatment with zinc and acid and deducted from the succinate found In 
the fumarlc acid determination. 

The use of the equilibrium constant for the reaction 

C00HCH=CHC00H COOHCHoCHOECOOH 

-HgO 

aa previously suggested by Krebs, Smyth and Evans (19^0) has proven to be unreliable 
(Krebs and Eggleston, 19^5) when applied In different systems. Thus the use of this method 
for the determination of malic acid is not recommended. 

PYRUVIC ACID 

Principle : The manometrlo estimation of pyruvic acid Is based on the production of 
CO 2 by enzymatic decarboxylation (Warburg, et al, 1930; Westerkamp, 1953) at an add pH 
(Reaction 6I) . 

(61) CHjCOCOOH ■ CBjCHO COg 

The carboxylase method Is particularly suitable for the rapid determination of pyruvate in 
certain biological systems. 

Reagents : 

1) Yeast extract 

Freshly pressed brewers yeast is spread on filter paper and dried at room 
temperature with the aid of a fan. If quickly dried and stored in the ice 
box, the dried yeast will yield active carboxylase preparations for as long 
as 3 years. For preparation of the extract, 10 grams of dried yeast are 
suspended In 30 ml. of distilled water by grinding In a mortar. The suspen- 
sion Is then poured into a tall cylinder (100 ml. graduate is suitable) and 
allowed to stand In a water 'bath at 50° C. for 1-2 hours, or until the endo- 
genous fermentation has ceased. The suspension is then centrifuged at fair- 
ly high speeds for 15-20 minutes. The milky supernatant liquid Is removed 
by decantation. It la treated with I/20 voliune of acetate buffer and freed 
of dissolved CO2 by shdking the container while attached to a water vacuum 
pump. The carboxylase activity of such a preparation decreases rapidly on 
storage even at 0° C. Stabilization on storage at 0° C. for almost 1 week 
may be accomplished by adding 1/5 volume of glycerol. (Schoenebeck and 
Neubeig, 1935) • In the author's experience it has been found more expedient 
to make up fresh preparations as needed. 
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2) 3 M Acetate tuffer, pH approximately 5- 

2 parts of KaC2Hi02-H20 plus 1 part glacial acetic acid. 
1/10 volume of KHgPCl^ Is added to the buffer. 


Procedure : If tissue trela, minces, homogenates, or bacterial suspensions are being 
used In studying pyruvic acid metabolism, the system Is acidified with 1 mi. of acetic 
acid — acetate tuffer, transferred to a graduated centrifuge tube and made up to a conveni- 
ent volume with washings. Where pyruvic acid disappearance is being studied and a high 
concentration of pyruvic acid is present, it is necessary that the dilution be great enough 
80 that the CO2 production from the aliquot will not exceed the capacity of the manometer. 
Thus, If one were to add 13^4 pi. of pyruvic acid (0.3 ml. of 0.2 M solution) to a system 
and then measure pyruvic acid disappearance, an eillquot of approximately 1/5 the total 
volume should be taken. This would represent, assrualng no disappearance, a production of 
265 pi. COg. If the expected disappearance is great, the final volume should be kept down 
accordingly so as to permit the use of a constant volume aliquot, usually 2 ml. In experi- 
ments with tissue siloes it is only necessary to remove the slices and then add the acetic 
aold--aoetate buffer and make up to volume. With very heavy tissue and bacterial suspen- 
sions It is desirable to centrifuge after adding buffer and making up to volume. An ali- 
quot (usually 2 ml.) of the supernatant la then employed. 

The manometrlc flasks are usually set up to contain a 2 ml. aliquot of the acidified 
incubation system in the main compartment. The sidearm contains 0.5 ikL. of the yeast 
extract. Bath temperature la usually set at 25° C. The control vessel contains 2 ml. of 
water treated with l/lO volume of acetic aoid--ac6tate buffer in the water compartment in 
place of the incubation system. 

It Is necessary to equilibrate until all COg production ceases, or is constant in 
both the control and experimental vessels. Beadings are taken every 5 minutes after the 
taps are closed. The solutions are then mixed, and readings again taken every 5 minutes. 
The reaction is usually complete in 10-15 minutes. As a matter of fact, significant COg 
production beyond this time usually means that the carboxylase system is weak, or that 
other substrates, such as ketoglutaric or oxalacetio acids are reacting. 

Calculations : pi. of CO2 produced is converted into mg. of pyruvic acid as follows: 


pi. COg 
2Sh 


X 0.88 = mg. of pyruvic acid. 


Specificity : Most of thea-ketonio acids will yield COg when added to yeast extract. 
However, the rates of reaction vary considerably, pyruvic acid reacting at the fastest 
rate. A comparison of the relative rates for different a-keto acids can be seen from the 
following Table (XJIX) : 


TABLE XXU 

Decarboxylation of<r-l(eto aclda 


Keto acid 

Per cent theoretical COg 
production in 15 minutes 

I^ruvlc 

100 

a-lcetotutyric 

90 

a-ketoglutarlo 

8 

oxalacetic 

20 

acetopyruvlo 

60 


It 

systems 

oulty. 


is apparent from the precedli® table that the determination of pyruvic acid in 
containing relatively large amounts of other a-keto acids will present some dlffi-. 
Since a-ketobutyric acid will not normally be present in measurable amounts, this 
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compound will not be a aource of error. However, If one attempts to measure pyruvate In a 
system where relatively large q.uantltlea of oxalaoetic acid are present, it may be diffi- 
cult to obtain accurate pyruvate values by the carboxylase method. 

Since the yield of CO2 from oxalacetio acid is erratic, it may be converted to pyruvic 
acid by previous heating of the sample, adjusted to 0.1). N HCl, for I5 minutes at 100° 

(Krebs and Eggleston, 1948b). Before analysis the pH is adjusted back to 5 with J M 
sodium acetate solution. This technique will be found to be particularly valuable in 
experiments in which the chief reaction product is pyruvic acid (for etcample the produc- 
tion of pyruvic acid from lactic acid by means of lactic dehydrogenase preparations). As 
examples of determinations in the presence of considerable concentrations of interfering 
substances the experiments of Krebs and Eggleston (1945, 1948b) on keto-acld metabolism in 
different tissues, and those of Cohen (1940 a, b) on transamination may be cited. 


OXALACETIC AND ACETOACETIC ACIDS 

Principle : This method la based on the fact that p-keto acids are catalytically de- 
composed by primary amines in an acid medium to yield CO2 (Eeactlon 62). 

(62) RCOCHgCOOH RCOCHj + COg 

Oatern (1933) first applied this principle to the determination of oxalacetlc acid 
using aniline as a catalyst. The reaction was carried out in acetic acid -- acetate buf- 
fer, pH 5, and at 5° C. Quastel and Wheatly (1935) introduced the use of aniline hydro- 
chloride for the determination of aceto-acetlc acid. Edson (1955) employed aniline citrate 
for the same reaction, to better advantage. The use of aniline citrate for oxalacetio 
acid determination was reported by Greville (1939). The advantage of aniline citrate over 
that of other aniline salts la the greater solubility of this compound which Insures a 
high concentration of the catalyst. 

While aniline decarboxylates both aoetoacetio and oxalacetio acids, salts de- 

oarboxylate oxalacetio acid only (Krebs, 1942a; Krebs and Efegleston, 1945), However, in 
the presence of pyruvate, COg may be liberated from aoetoacetio acid (or a condensation 
product) by aluminum ions (Krebs and Eggleston, 1948b). 

Reagents : 

0.75 M phthalate buffer 

Aluminum sulfate 

Aniline citrate 

2 N HCl 

Procedure: At the end of the incubation period, 0.25 volumes of 2 N HCl are added to 
the flasks which are then placed in an ice bath. Slices are removed at this time in the 
usual manner. In the case of tissue minces or homogenates, the cold, acidified solutions 
are centrifuged and suitable aliquots are taken for analysis. The rate of spontaneous 
decomposition of the g-keto acids is lowered by the use of mineral acids. Thus Krebs and 
Ifegleston (1945) recommend the addition of 2 B HCl to the solution to be tested to bring 
the final concentration to about 0.2 H. 

Determination of Acetoaeetic Plus Oxalacetio Acids : The main compartment of the 
vessels is filled with 3 ml. of the unknown solution, 0.3 ml. of ^ B HCl and 0.5 ml. of 
50 percent citric acid, the sldearm with 1 ml. of aniline citrate. The determination is 
best carried out at low temperatures; however, 20-25° C. is satisfactory. An initial 
equilibration period of 5 minutes with the taps open is necessary to insure removal of 
dissolved CO2. After the taps are closed, readings are taken every 5 mlnutea until con- 
stancy is reached. The flask contents are then mixed. Readings are then taken as ustial 
until no more COg is produced, or until the pressure changes in the control and experi- 


- 15.5 gm. potassium hydrogen phthalate and 
1.8 gm. BaOH in 100 ml. 

" 33 -3 gm. Al2(SQ,.)j'l H2O per 100 gm. H^O. 

- 4.5 ml. freshly distilled aniline plus 
5.5 ml. of 50 percent citric acid. 
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mental flasks are constant. Immediately on mixing a negative pressure will usually result 
due to the difference in density of the aniline citrate solution and the solution In the 
main compartment. This la corrected for by the use of a control vessel, which contains 
water in place of p-keto acid. 

Determination of Oxalacetic Acid : Warburg flasks with double sidearms each having a 
capacity of 1 ml. are used. The main compartment contains 2 ml. of the solution to be 
tested (previously acidified to approximately 0.2 N with 2 N HCl), One aldearm contains 
1 ml. of 0.75 M phthalate buffer and the other 1 ml. of 35-3 per cent aluminum sulfate 
solution. A bath tenperature of 20 - 25 ° C. may be used. After eijullibration, the phthalate 
buffer la introduced from the aldearm followed by the aluminum sulphate solution. A con- 
trol experiment using water in place of the unknown solution is necessary in order to cor- 
rect for the pressure changes caused by mixing the different solutions. The COg evolution 
la usually complete within 60 minutes. Recovery experiments give yields approximately 5 
percent below theory due to spontaneous decomposition of oxalacetic acid during equilibra- 
tion. Acetoacetlo acid Is determined by difference between the aniline citrate and the 
aluminum sulfate values. 

Calculations ; Mlcrolitera of COg produced la converted to ng. of oxalacetic and 
aoetoacetlc acids as follows: 

^ x 1.52 = mg. of oxalacetic acid 
22h 


^ ^*^2 X 1.02 = mg. of acetoacetlo acid 
22 *+ 


Specificity ; Aniline salts will catalyze the decomposition of all p-keto acids. 
Aluminum ions (and other multivalent cations) on the other band catalyze the decomposition 
chiefly of g-ketodlcarboxylio acids and have no effect on a- or p-keto monooarboxyllo or 
Oi-ketodioarboxyllc acids. 


XANTHINE AND HYPOXANTHINE 

Principle : (Krebs and Orstrom, 1959)' Xanthine and hypoxanthine are oxidized to 
uric acid by means of a purified xanthine oxidase preparation. O 2 uptake and uric acid 
formation are measured. From the ratio of Og uptake to uric acid formation the amounts of 
xanthine and hypoxanthine can be calculated. The former compound requires 2 atoms of oxy- 
gen, the latter, 1 atom for oxidation to uric acid. 

Reagents : 

1) Xanthine oxidase; This preparation must be highly active. A suitable prepa- 
ration is made from fresh milk as follows (Dixon and Kodama, 1926): a liter 
of milk is clotted with renin' and the clot broken up with a glass rod. The 
whey is filtered off through muslin. Solid ammonium sulfate is added to the 
amount of 215 grams for each 880 ml. of whey. After standing for 3 O -60 
minutes the underlying clear solution is sucked off as completely as possible. 
The supernatant globulin layer is now centrifuged and the solid floating cake 
transferred to a filter paper and dried ^ vacuo . The dried material is 
freed of fat by ether extraction and the residue dried again. The enzyme 
keeps for several weeks If stored 3m vacuo . The yield Is usually of the 
order of 3"5 grams per liter of milk. For xise, the enzyme Is made up as a 
ICffi solution in 0.1 M phosphate buffer, pH 7.4. The activity of the prepara- 
tion should be tested with a standard hypoxanthine solution. I 5 mg. of the 
enzyme ( 0 .I 5 ml. of 101^ solution) shoxdd be capable of oxidizing 0.5 mg- 
hypoxanthine in leas than 1 hour (4o°, pH 7-4). 
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2) Aqueous Pigeon liver extract: 1 gram of pigeon liver is thoroughly ground 
with sand and 10 parts of water and centrifuged. The supernatant liquid con- 
taining an active catalase, is used. The solution if preserved with octyl 
alcohol and stored in the refrigerator will reniain active for several weeks. 
Mammalian liver is not suitable since it may contain uricase. 

5) Phosphate buffer, 0.1 M, pH 7.U. 

Procedure : The sample to be analyzed la adjusted to pH 7.4. (This need be approxi- 
mate only, since the xanthine oxidase activity does not vary significantly between pH 6.8 
and T.8.) The main compartment of the manometrlc flask contains 0.5 ml. of phosphate buf- 
fer, 0.5 ml. of liver extract, 3.5 ml. of the solution to be tested, and 0.15 ml. of 
xanthine oxidase solution. The center well contains' 0.2 ml. of lOjt KOH. As a blank, a 
flask is set up which contains all the constituents except that 3.6 ml. of water is. used 
in place of the solution being tested. The bath temperature is 40°. The 0^ uptake should 
be complete In less than 6o minutes and should agree with the theoretical value within 2f>. 

Uric acid may be determined by any one of several methods. Suitable procedures In- 
clude: (a) conversion of uric acid to urea and determination of the latter manometrically 
(Edson and Krebs, I936), and (b) the Folin colorimetric methods using uricase to insure 
specificity (Blauch and Koch, 1939). 

Calculations : On the basis of hypoxanthine requiring 1 mole and xanthine O.5 mole O 2 
for conversion to uric acid, the following equations may be set up: 

■^poxanthlne ~ ^ *urlc acid 


Xanthine ' ^ ^^Sirlc acid " 

(all subscripts refer to moles) 

Specificity : Of the many substances which may absorb Og in the presence of xanthine 
oxidase, only hypoxanthine, xanthine, adenine and a few alde^des are known to occur in 
biological material. The presence of aldehydes is indicated if an absorption of Og but no 
formation of uric acid occurs. It is unlikely that, in animal tissues at least, aldehydes 
will be present in quantities sufficient to interfere. Adenine, if present, will be 
determined as hypoxanthine. However, its presence will be suggested by its slow rate of 
oxidation. Adenine is oxidized at 1/20 the rate of hypoxanthine. 

Since tissue extracts may contain appreciable quantities of nucleotides, nucleosides, 
or guanine, all of which literate hypoxanthine or xanthine, the bo'und purine bodies may 
represent a potential source of error. In the application of the method by Krebs and 
Orstrom to pigeon liver preparations, no difficulties on this basis were encountered. 

In addition to substances which may react directly with xanthine oxidase preparations, 
a number of compounds may interfere with the quantitative determination of Og uptake due 
to a coupled oxidation. Alcohols, hemoglobin, methemoglobln, nitrites, etc. react in such 
a system due to the fact that they are readily oxidized by the hydrogen peroxide formed as 
an end product of the xanthine and hypoxanthine oxidation. Of these substances hemoglobin 
and its derivatives are the only ones likely to bo present in animal tissues. This coupled 
oxidation is inhibited within certain limits by the use of liver extract which because of 
its high catEilase activity rapidly decomposes the hydrogen peroxide as it is formed. 

The lower limit of the analytical range of this method is 0.1 mg. 


UREA 

Principle ; (Krebs and Henseleit, 1932.) Urea is converted by urease to ammonium 
carbonate at pH 5- The ammonium carbonate in turn reacts to yield COg according to the 
following equation ( 63 ). 
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jffig 

(63) CO (H%)2C05 - 2(NBi^)^ + H2O + COg 

NHg 


The COo formed ia measured manometrlcally. 


Beagents : 

1) Ureasei Mhlle urease Itself is highly specific in its action^ the ordinary 
sources of urease may contain enzyme systems which will yield CO2 under 
similar conditions. In particular, carboxylase may yield CO2 from pyruvic 
acid under the above conditions. Thus it has been shown that commercial Jack 
bean meal contains a potent carboxylase system (Cohen, 19^6). Goy bean meal 
extracts, on the other hand, are practically devoid of this enzyme. The car- 
boxylase activity of the Jack bean meal extract is readily lost on dialysis 
against dlhydrogen sodium phosphate solution without influencing the urease 
activity. In practice, however, it has been found far more convenient to 
purchase a purified urease (Arlco ureaee, made by Arlington Chemical Co., 
Arlington, Mass.) which la free of carboxylase. Since this material is stable 
for a long time and requires no preparation other than solution before use, 

it is more economical from the standpoint of both time and money. It is beat 
prepared in a concentration of 10 mgs. per ml. of solution, the latter being 
9.5 parts distilled water plus 0.5 parts acetic apid'-sodium acetate buffer, 
pH 5. 

2) Acetic Acid-Sodium Acetate Buffer: 27.2 g. sodium acetate (NaC2H502'5H20) 
plus 6 g. glacial acetic acid are made up to 100 ml. with distilled water. 

This represents a 5 N acetic-ion concentration and has a pH of 5. 


Procedure : If tissue slices are used, these are removed from the flasks and the re- 
maining solution acidified with 0.5 ml. of acetic acid-sodium acetate buffer; 0.5 ml. of 
urease solution is added to the sldearm. 


In the case of tissue minces or homogenates, acetic acid-sodium acetate buffer is 
added directly to the flask and the total volume noted. The preparation is then centri- 
fuged and a suitable aliquot is placed in the main compartment of a clean flask with 0.5 
ml. urease solution In the sidearm. The control vessel contains distilled water plus 
acetic acid-sodium acetate buffer in place of the experimental solution. After a euitable 
equilibration period, the solutiona are mixed and the manometric changes observed. The 
reaction la usually run at 58° with air as a gas phase. The reaction should be completed 
in 20-50 minutes. 

Calculation ; The pi. COp produced is converted to mg. urea as follows; 

ul. COp , 

1 X O.dO = mg. urea. 

P.2h ^ 

Specificity : As previously pointed out, in the presence of pyruvate and related sub- 
stances, high "urea" values may be obtained because of carboxylase activity in the crude 
urease preparations. Ijy the use of purified urease preparations this difficulty is elimi- 
nated. Krehs (19*l2b) has recently called attention to another source of COp unrelated to 
urea, l.e., aoeto-acetlc acid. This suhatance is found in considerahle amounts when liver 
slices are Incubated in the presence of ammonium salts (Edaon, 1955). Since aoeto-acetic 
acid slowly decomposes to yield COp, it may Interfere with the urea determination. In 
order to destroy the acetoacetlo acid, Krebs recommends the addition of 0.1 ml. of aniline 
plus 1 ml. of acetic acid-sodium acetate buffer to the unknown solution. The aniline 
catalyzes the decomposition of the acetoacetlo acid so that It is completely broken down 
within the usual equilibration period of 20 minutee. (See method for acetoacetic acid 
determination. ) 
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GLUTATHIONE 


Principle : This method (Woodward, 1955) depends on the fact that the glyoxalase sys- 
tem requires reduced glutathione as a coenzyme. The rate of conversion of methylglyoxal 
to lactic acid Is dependent on the concentration of glutathione within certain limits. 

The reaction Is carried out In a hlcarhonate - CO 2 system. The CO 2 formed as a result of 
the conversion of methyl glyoxal to lactic acid la measured manometrically (Reaction 64). 


(64) C^COCHO 


HgO. 

GSH^ 


C^CHOHCOOH 


Beawenta : 

1) Acetone dried yeast: This Is prepared according to Albert, et al. (1902). 

500 grams of starch-free bakers' yeast Is coarsely pulverized and passed 
through a sieve (10 mesh) Into 3 liters of acetone in a flat dish. After 
stirring, the yeast is allowed to remain in the acetone for 10 minutes. The 
acetone la then decanted and the residue sucked dry on a hard filter paper. 

The resulting cake la again broken up and suspended In one liter of acetone 
for 2 minutes. After decanting the supernatant the yeast residue Is sucked 
dry. The resulting cake Is then broken up and covered with 250 ml. of ethyl 
ether and mixed for 3 minutes after which the suspension la filtered by suc- 
tion. The yeast cake Is finely pulverized and spread out In a thin layer on 
filter paper for 1 hour. The resulting powder is then further dried by plac- 
ing In a desiccator for 24 hours at 45°. Before use, the yeast must be freed 
of glutathione. This la moat readily done by suspending 1 gram of dried 
yeast in 50 ml, of distilled water and centrifuging. The supernatant Is de- 
canted and the centrifugate stispended again with 50 ml. of distilled water. 
After centrifuging again and decanting, the yeast is made up as a 15-20 per- 
cent suspension and stored in the ice box. 

2) Methyl glyoxal: (Methyl glyoxal, pyruvic aldehyde, is obtainable from Com- 

mercial Solvents Corporation as a 30 percent aqueous solution, ) A solution 
of methyl glyoxal Is readily prepared by distilling dlhydroxyacetone from 
H 2 SQI 4 , according to Neuberg, et al. (I9I7). 0.5 grams of dlhydroxyacetone Is 

introduced Into a 100 ml. distilling flask. A mixture of 5 grama HgO plus 

1 gram of H 22 O 4 is placed In a small separatory funnel which Is tightly fixed 

In the flask neck with a rubber stopper. The distilling flask Is connected 
with a small efficient water- Jacketed condenser. The H 2 SO 4 solution Is added 
dropwlse while the flask is being heated. After 5 ml. of distillate has come 
over (the distillate is beet collected in a glass stoppered graduated cylin- 
der) 5 ml. of distilled water should be added dropwlse through the funnel. 

This procedure is repeated until a drop of the distillate no longer gives a 
precipitate when added to a dilute acetic acid solution of m-nltrobenzhydra- 
zlde. To determine the concentration of methylglyoxal, the method of Frlede- 
mann (I 927 ) is both simple and sufficiently accurate. An aliquot is titrated 

with 0,1 N NaOH to a pink color with phenolphtheileln. Neutral 55^ 02^2 

tion is then added followed by a known amount of 0.1 H NaOH, (The amount will 
be determined by the methylglyoxal concentration. As a guide, the solution 
should remain pink to phenolphthalein while standing for 10 minutes at room 
temperature.) The flask Is stoppered and allowed to stand at room temperature 
for 10 minutes. The solution is then titrated with 0.1 N HCl until colorless. 

3) 2)t sulfosallcyllc acid. 

4) 95)t N 2 - 55^ COg gas mixture. 

5 ) 0,2 M Sodium bicarbonate. 

Procedure : A standard curve is prepared by adding known amounts of reduced gluta- 
thione to the yeast-methyl glyoxal system. The levels of gluthathione suggested are 0.025, 
0 . 05 , 0.1 and 0,15 mg. A blank with no glutathione Is run and subtracted from these 
values. The flasks are set up to contain the following In the main compartment: 0.15 ml. 
of a 15-20 percent yeast suspension; (The amount of yeast to be used Is determined by Its 
glyoxalase activity. This Is estimated by measuring the amount of COp found in 20 minutes 
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in the presence of 0.1 mg. of glutathione and 10 ngs. of methyl glyoxal. An amount of 
yeast should he taken which will yield 200-250 jil. of CO2 under these conditions): 10 mgs. 
of methyl glyoxal (usually about 0.5 ml.); 0.4 ml. of 0.2 M sodium bicarbonate; H2O to 
make 2 ml. The si dearm holds the glutathione containing solution. If deproteinl zation la 
reiiulred, this is accomplished with ^ sulfosallcyllc acid. The acid filtrate is neutra- 
lized before use with 0.2 M sodium bicarbonate to methyl orange. (This is beat done with 
an aliquot.) 

After gassing with 95^ N2-5^t CO2 mixture the flasks are placed in a bath (25°) and 
the manometer fluid levels adji^sted so that the level of the left hand column is between 
0 and 5 mm. (This is accomplished by sucking gas out of the closed system after gassing 
and readjusting the level of the right column to I5. ^ this procedure the capacity of 

the manometer la almost doubled. ) After an initial equilibration period with shaking 
(during which time the gas production in the control and experimental flasks should be 
equal) the contents of the side bulbs are tipped in. Beadlngs are taken every 5 minutes 
without stopping the shaking apparatus. The first 5 minute reading is discarded since it 
will usually be too high duo to mixing effects. Headings are taken for 20 minutes and the 
first 5 minute value calculated by extrapolation. 

Calculation : The glutathione concentration is determined by reading the 20-mlnute 
CO2 value from the standard curve. 

Accuracy and Specificity : The accuracy of the method is determined chiefly by the 
pipetting accuracy of the different reagents. According to Woodward ( 1955 ) the limit of 
error does not exceed 6 percent. 

This method is highly spaclfic since no naturally occurring sulfhydryl compound other 
than glutathione will react in this system. Further, ascorbic acid is not active and thus 
the procedure can be used in the presence of this reducing substance. While the method 
does not lend itself to a routine use, it is most valuable where a quantitative estimation 
of glutathione in biological material is required. 

D-AMINO ACIDS 

The determination of D-amino acids ("non-natural") is of some interest since they 
have been shown to occur naturally in certain bacteria. While the more classical methods 
of deterndnlrg optical rotation usually can be used for characterizing the D-amlno acids, 
occasionally, due to the small quantity of material available, the use of a specific 
enzyme preparation may be necessary for establishing the presence or the amount of these 
substances. (See Llpmann, ^ al. , 19^0, and Llpmann, et al. , 1941.) For this purpose the 
use of simple aqueous extracts of acetone dried kidney powder (Krebs, 19354) is usually 
satisfactory. Should a pure reconstituted flavln-adenlne-dlnucleotlde-proteln system be 
required, the resolution and reconstitution technique of Warburg and Christian (1958) can 
be employed. The specificity of the two preparations is the same (Klein and Handler, 
1941). For the details of preparation and procedure, the reader is referred to the origi- 
nal papers. 


L-AHINO ACIDS 

The preparation of potent L-andno acid decarboxylases from bacteria has been reported 
by Gale (1946). These decarboxylases are particularly suitable for the manometric estima- 
tion of certain L-amlno acids. Table XXX summarizes the Information available on the 
specific amino acid decarboxylases and the conditions used for the estimation of the dif- 
ferent andno acids. With some strains of S. faecalls , phenylalanine may be decarboxylated 
(MoGilvery aid Cohen, 1948). Krebs (1948) has recently reported that washed suspensions 
of Clostridium welchli . strain SB 12, not only speolfioally decarboxylate glutamic acid, 
but also contain a specific glutamlnase. This preparation can therefore be used to deter- 
mine both glutamic acid and glutamine by merely measuring the CO2 produced in the case of 
the foToeT and the KH» plus CO2 produced in the case of the latter. Of interest is the 
statement by.Krabs (1948) that stock suspensions of Clostridium welchli in 0.2 M acetate 
buffer (pH 4.9) are active for about one month. (Cou^iare with Gale, 19h7, Table XXX.) 


Specific Anino-Acid Decarboxyl ise Preparatione for Eatinatfon of 
Anino-Acida (Gale, 1947) 
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PEPTIDASE ACTIVITY 

Zeller and Maritz (19^5) have reported that peptldaee activity can he readily measured 
by the use of ophio-L-amlno acid oxidase ( Zeller and Maritz, 19^tl*) . The latter is a potent 
enzyme present in snake venoms and tissues. adding an ophlo-L-amlno acid oxidase prepa- 
ration to a peptldase-peptlde system the liberated amino acid Is rapidly oxidized and the 
Og-oonsumptlon can be measured manometrlcally. The ophlo-L-amlno acid oxidase does not 
attack peptides. The rates of amino acid oxidation for Ylpera aspls venom are given In 
Table XXXI and can he used as a guide In the choice of peptides suitable for this system. 


TABLE XXXI 


Amino Acid 

^2 

Amino Acid 

9 o 2 


780 

Dliolotyroalne 

155 


612 


129 

Tryptophane 

51+0 

Histidine 

78 

Tyroaine 

1*02 


71 


590 


1^2 

Dlhydroxyphenylaianln© 

291* 

Alanine 

JO 


216 


26 


162 

Cvateine 

22 




DIPHOSPHO-PYRIDINE-NUCLEOTIDE (D.P.N. , 

COENZYME I, COZYMASE) 

Two manometrlo methods have been used in estimating D. P. N. The first method Is that 
reported from von Euler's (1956) laboratory and is based on the fact that the rate of yeast 
fermentation is dependent, within certain limits, on the D. P. N. concentration. More re- 
cently, Axelrod and Elvehjem (1959) have reported on the details of this technique as ap- 
plied to animal tissues. A second method la that proposed by Jandorf, Klemperer and 
Hastings (1941). The principle of this method is based on the enzymatic conversion of 
hexosediphosphate into phosphoglyceric and glycero-phosphorlc acids. The rate of this 
conversion la dependent within certain limits on the amount of D. P. N. present. The re- 
action is carried out in a COg bicarbonate medium and the COg formed due to the formation 
of the above acids is measured manometrlcally. The advantages claimed for this technique 
over the former are: 

1) The reaction la dependent on fewer enzymes and in particular, does not require 
the presence of the unstable carboxylase system; 

2) Fewer and more readily available components, which are more stable, are re- 
quired; 

5) The need for almost dally atandardl'zatlon of reagents is avoided. 

However, in practice, the choice of one or the other method will be determined by the 
experience of the investigator, the avallahility of the required preparations, etc. While 
the writer has had no actual experience with either method for purposes of assay, it would 
seem that the latter method Is In principle a more sound one. The reader is advised to 
refer to the original papers for details. 

MANOMETBIC ESTIMATION OF ENZYME ACTIVITY 

Since many enzymes catalyze reactions which directly or indirectly Involve the pro- 
duction or utilization of a gas, manometric methods have been extensively used in both 
assaying for enzyme activity, and in studying the kinetioa of a given reaction. For obvi- 
ous reasons, manometrlo methods have been most extensively snqiloyed in the study and assay 
of resplratoiy and other oxidation enzymes. The features of the manometrlo techniques 
used for enzyme study are: 
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1) 'The need for only small amounts of enzyme preparation, 

2) The accuracy and speed of the estimation, and 

3) The ease with which one can study the effects of inhibitors, substrate concen- 
tration, pH, and other aspects of kinetics. 

A detailed discussion of the preparation and manometrlc study of different enzyme 
systems is beyond the scope of this chapter. The reader is referred to Green (19k0) and 
Sumner and Somers (19*17) for compilations of methods and details. 

Since the principles and practice of manometiy have been discnnsed in this volume, 
this technique should be applicable to any enzyme system which catalyzes a reaction which 
directly or indirectly Involves the uptake or the production of a gas. 

P. P. Cohen 
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Chapter XV 


METHODS FOR THE ANALYSIS OF PHOSPHORYLATED 
INTERMEDIATES 

That phosphoiylated oarhohydrate Internedtates and related compounds play Indlapens- 
ahle roles in Intermediary metahollsm of animal (and certain other) tissues Is now well 
estahllshed (Llpmann, 19^1; Kalokarj 19lt'l) . In recent years a great variety of analytical 
techniques have hecome available for the measurement of the Individual components of tis- 
sues concerned In phosphorylatlve glycolysis. But since the time of Lohmann (1930) there 
have been few attempts to provide methods for the accurate determination of all of the 
compounds Involved In phosphorylatlve glycolysis on the same sample of. tissue. Yet If 
one wishes to study phosphorylation In Intact tissues a "distribution method" of some sort 
Is necessary. The compounds In which one Is Interested In such studies Include the follow- 
ing: Inorganic phosphate (ortho), total phosphorus, adenoslne-trl -phosphate (ATP), 
adenoslne-dl -phosphate (ADP), adenylic acid (AA), fructose-l-6-dlphoephate (hexosedl phos- 
phate), glucose-l-phosphate, gluoo8e-6-phoephate, fruct08e-6-pho8phate, phosphoglycerlc 
acids, phosphopyruvlc acid, trlose phosphates ( phosphoglyceraldehyde and dlhydroxyacetone 
phosphate), glycogen, lactic acid, and coenzymes. Contemporary concepts of the Interrela- 
tions between these materials have been reviewed by Upmann (19hl), Kalckar (1911), Burk 
(1939), Barron (I9I3), Lardy and Elvehjem (I9I5), Llpmann (I9I6), Ochoa (I9I6), Sumner and 
Somers (19^7), and others. 

The method described below Is capable of estimating each of the materials listed above 
on a relatively small sample of tissue (I-5 grams wet weight depending upon Its phosphorus 
content; 5"25 mg. organic phosphorus) providing interfering substances are not present In 
great quantity. This depends upon the tissue one Is using. The method as described is 
satisfactory for muscle, heart, brain, kidney, and with modifications, liver tissue of the 
rat, similar organs of the rabbit, for yeast and for many bacteria. It has been used. In 
part, successfully in the identification of some phosphoiylated compounds In spinach 
leaves (Bonner and Wildman, 1946) and oat coleoptlles (Bonner, 1948). It is, however, not 
capable of Identifying all of the phosphoiylated compounds which occur In the algae 
( Chlorella ) (Emerson, Stauffer and Umbrelt, 1944), In the developing oat seedling (Albaum 
and Umbrelt, 1943), In photosynthetic bacteria, and In the anaerobic bacteria ( Clostridium ). 
One may conclude that certain of the phosphoiylated compounds in these latter tissues are 
different from those found In muscle and yeast. For the most part, however, especially 
for animal tissues the method Is satisfactory. 

It must be recognized that in new experimental circumstances or In other kinds of 
tissue, modification of the procedure may become necessary. It contains, as now designed, 
no provision for estimating the phosphogluconlc or phospho-rlbonlc series of compounds 
which are not particularly suited to separation by barium salts. However the schene of 
analysis provides a basis from which one can expand to meet new experimental needs. 

The method consists, in brief, of an Intermittent extraction of the "acid soluble" 
phosphorus with trichloracetic acid, a separation of this extract into three well-defined 
fractions, and the determination of the known conqtonents of these fractions by means of 
their oharaoteristlc properties. When this has been done, a balance Is made to determine 
how much of the phosphorus has been accounted for in terms of known compounds. This 
serves to check on the accuracy of the determinations and may also serve to detect new 
phosphorylatsd compounds especially where "unaccounted for" phosphorus is to bo further 
investigated. 


METHODS OF EXTRACTION FROM TISSUE 

The ease of extraction of these compounds varies greatly with the type of tissue. 

In animal tissues cold trichloroacetic acid will extract the phosphorus esters and laotlc 
acid. It Is advisable to use 10^ trichloroacetic acid In the first extraction In order 
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to oompenaate for the dilution of the acid by the tissue; further extractions to remove 
the material soluble, but held In the tissue mechanically, can be carried out with tri- 
chloroacetic acid. If animal tissue, muscle for example, Is homogenized (Potter and Elveh- 
Jem, 1936; see Chapter 11) In the trichloroacetic acid, the extraction takes only a few 
minutes and further contact with the acid for several hours does not appreciably Increase 
the acid extractable phosphorus. However, with bacterial cells, it Is usually necessary 
to treat the cells with approximately their own wet volume of acetone (or employ some 
other means of breaking down the cell) before adequate extraction of the acid soluble 
phosphorus is obtained. Even under these circumstances It often takes from two to five 
extractions of several hours each to remove all of the acid extractable phosphorus. Such 
prolonged extractions must be made in the cold to avoid hydrolyzing some of the labile 
materials. As a general procedure one extracts the tissue, then , re-extracts the residue, 
repeating this process until no appreciable amount of phosphorus is obtained In the last 
extract. In each case It la necessary to be sure that the extract obtained contains all 
of the acid soluble phosphorus. 

In experiments with animal tissues, removal of the tissue under anaesthesia may result 
In rapid changes which cannot be prevented. The use of freezing techniques appears to be 
more satisfactory (Davenport and Davenport, 1933; Kerr, 1935 )• Freezing the whole animal 
in liquid air, dissecting the tissue while frozen, powdering it in the same condition, and 
adding the frozen powder to trichloracetic acid in a weighed tube, has been a satisfactory ■ 
method of operation in experiments on rats. The tube is rewelghed (giving the weight of 
tissue), mixed briefly In a loosely fitting homogenizer, and the tissue residue centri- 
fuged out. If the freezing is done without anaesthesia, marked changes occur due to re- 
action of the tissues to sudden contact with the liquid air (muscle contraction, for 
example). Resting values for lactic acid, high ATP, etc., are obtained If the rats are 
given nembutal (5 mg./lOO gm. Intraperltoneally) and frozen as soon as they reach light 
surgical anaesthesia {2-h minutes). 

Dissection is carried out in a cold room (0° C. ) with chisel and hammer. With prac- 
tice, one can obtain the whole kidneys, whole brain, etc. Care must be taken with brain 
and muscle samples not to include any bone with the sample. 

The tissue sample is thrown into a steel cylinder chilled with liquid air, hammered 
several times with a heavy piston, and the powder chilled with liquid air again. As soon 
as the air has Just boiled off, the powder can be transferred to a paper sheet and into 
the trichloracetic acid without thawing until It is in the acid. 

One must work rapidly from this point until the labile esters, especially phospho- 
creatlne, have been determined. 

FRACTIONATION OF THE EXTRACTS WITH BARIUM 

Separation of the acid soluble phosphorus compounds into three fractions, two of 
which contain known esters, can be accomplished by the use of the solubilities of the 
barium salts at pH 8.2. For such a fractionation, it is advisable to employ material con- 
taining a total of 5,-25 mg. of phosphorus and to keep the original volume of the extract 
down to 10-50 ml. One uses concentrated solutions of reagents for the main part of the 
neutralizations, etc., to prevent appreciable Increase In the volume of the fractions. 

The pH is easily adjusted to 8.2 by the addition of 1/3OO volume of l)t phenolphthalein and 
addition of KOH to a Just discernible pink. It is quite important that the pH is at 8.2 
throughout the precipitation and variations of 0.5 PH unit on either side will cause the 
fractions to be contaminated with compounds which would otherwise occur elsewhere. A 
large excess of barium is added in the form of barium acetate. Ibr example, each milli- 
gram of total phosiAiorus present theoretically would require 8.2 mg. barium acetate or 
0.033 ®1. 25)t barium acetate solution. Actually for each mg. of phosphorus 0.25 “>1- 25lt 
barium acetate is added. 

After the addition of the barium acetate there are two procedures which may be fol- 
lowed depending upon the nature of the tissue. If the trichloroacetic acid has extracted 
a relatively large amount of polysaccharide from the tissues, the second procedure (B) is 
usually more suitable. Procedure A, however, is generally more convenient and is entire- 
ly satisfactory in most oases. These procedures are diagrammed In Fig. 56 and described 
as follows: 
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Methods of Extrection and Fractionation 


Extraction: 


Tissue projected into tute containing cold trichloracetic acid, centrifuge (0-5° C. 
throughout ) . . 


Residue: re-extract with % trichloracetic acid 

Residue: used to determine acid-insoluble phos- 
phorus and glycogen 


Extract Combine extracts 
and neutralize 

Extract ( unless to be, used 
for Proc. B) . 


Procedure A : Neutralized extract, pH 8.2: add large excess of barium acetate, chill, 
centrifuge in cold 


Precipitate dissolved in 0.1 N HCl, add excess of barium acetate 
solution, adjust pH to 8.2 with KOH, chill, centrifuge 

r ^ -| Add 1 volumes 95^ ethanol. 

Precipitate: dissolve in 0.05 N ,, adjust pH to 8.2, chill. 


HgSOj,, centrifuge 


centrifuge 


BaSOj^: wash with small volume 
0.05 N HgSO, 

I 

BaSOi,: discard 


Dissolve in 0.05 N H2S0i,, centrifuge 


BaSOi,: wash with 
0.05 N H2SQt 

I 

BaSOi,,: discard 


Neutralize to pH 7-0 
and make to some 
definite volume. Barlum - 
Inaoluble fraction 


Neutralize to pH 7.0 and 
make to some definite vol. 
, Bariu m- solubl e alooho l- 
In-soluble fraction 


Concentrate under reduced 
pressure, remove barium and 
make very acid with :^S0i|, 
extract twice with ether, 
evaporate further under re- 
duced pressure. Barium - sol- 
uhl.g, alcohol-soluble fraction 


Procedure B : Unneutrall zed trichloracetic acid extracts: treat with equal volume of 
95^^ ethanol in cold, centrifuge 


Precipitate: Extractable 
glycogen of the tissue; no 
esters 


Supernatant - neutralize to pH 8.2 with KOB, 
add large excess of barium acetate and add 
more 95^^ ethanol to make h volumes, chill. 


centrifuge 


Precipitate: dissolve in 0.1 N HCl, neutralize to pH 8.2 
with KOH, add excess barium acetate, chill, centrifuge 

Precipitate: dissolve in 0.1 H HCl, add 
excess barium acetate, neutralize to pH 
8.2, chill, centrifuge 

Barium - insolubl e fraction : remove B 

barium and neutralize as in Proc. A. f 


Barium - soluble 
alcohol - soluble 
fraction : treat as 
In Proc. A. 


Barium - soluble alcohol - insoluble 
fraction : remove barium with 
excess HgSCj;, neutralize as in 
Proc. A. 
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TASL£ XHI I 

Soae Chaalcal Propartiaa of the Phoepherylated Eaters and 
Related Coepsunda 




Method of 
Determination 

^6 l^ydrolysis* 
in 1 N HCl 
at 100 C. 

Reducing 
Values to 
Folin-Malm- 
ros Method 

Fraction 

Compound 

7 Min. 

180 Min, 

Barium- Inaoluhle 

ATP 

A? P, pentoae 

66 

86 

0 


ADP 

A? P, pentose 

50 

79 

0 


Hexoaediphoaphate 

Fructose 

26.5 

— 

9-5 


3 - Phoaphoglycerl c 
acid 

Resistant to 3 
hr. hydrolysis 
( corrected) 

0 

2 

0 

Barium- soluble 
alcohol-lnaol- 
uhle 

Glucoae - 1 -phoa - 
phate 

Phosphorus and 
reducing sugar 
hydrolyzed In 

7 min. 

100 


0 

( 66 . 4 ^t after 
hydrolysis)** 


Glucoae-6-phos- 

phata 

Reducing sugar 


10.5 

13.2 


Fruot 03 e- 6 - 

phosphate 

Reducing sugar, 
fructose 

• - - 

74 

51.6 


Phoaphopyruvic 

acid 

Phosphorus re- 
leased by alka- 
line iodine 

46 

100 

0 


Trlosephosphate 

Alkaline hydro- 
lysis 

46 

100 



Adenylic acid 

260 mu absorption 
spectrum 

... 

58.7 

0 


Phoaphopyrldlne 

nucleotides 

Nicotinic acid, 
reduced form - 
540 mu absorp- 
tion spectrum 


58.7 

0 


Phoaphocreatlne 

Inorganic phos- 
phorus not pre- 
cipitated with 
calcium 

100 


0 


Blbo 3 e- 5 -ph 03 - 

phate 

Pentoae 

--- 

58.7 

19.7 


Inoalnic acid 

Pentose, 248-290 
mu absorption 
spectrum, con- 
version to uric 
acid 


58.7 

0 

Barium- soluble 
alcohol-sol- 
uble 

1 , 2 -Propanedlol 

phosphate 

Lead precipita- 
tion after re- 
moval of inter- 
fering factors 


1.7 

0 


Ami noethyl phos- 
phate 

Precipitation 
with inorganic 
phosphorus and 
uranium 



0 

Glycogen 

Glycogen 

Reduction after 
acid hydrolysis 

- -- - 

100 

0 


•^ydrolyala ratea of raalatant eatera are affected to aome extent ty the level of in- 
organic phoaphorua preaent; thoae of easily hydrolyzable eaters are not so affected. 
**69.2 per cent theoretical, 66.4 per cent found. 
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Procedure A : The extract after the addition of barium (at pH 8.2) is chilled in a 
refrigerator for I 5 minutes and the precipitate ie centrifuged down. The precipitated 
material la not homogeneous, however, and contains. In addition to the "barium insoluble" 
compounds, some of the "barium soluble" material In the form of double salts (Cori and 
Cori, 19J2). These can be removed by rediasolvlng the precipitate and repreolpitatlng It 
as follows: The crude "barium Insoluble" precipitate la dlaaolved In 0.1 N HCl, a drop of 
barium acetate aolutlon added, and the pH adjusted to 8.2 with KOH. The suspension la 
chilled 15 minutes and centrifuged. The supernatant contains the "barium soluble" materi- 
als which had been precipitated with the "barium insoluble" compounds and Is added to the 
original "barium soluble" fraction. The precipitate contains the "barium Insoluble" ma- 
terials. It is made acid with HCl, the barium removed by the addition of a slight excess 
of HgSOl), and the barium sulfate removed by centrifugation. The barium sulfate Is washed 
with water by centrifugation and the washings added to the "barium Insoluble" fraction. 

This is neutralized, made to a definite volume, and held for analysis. The compounds con- 
tained in it (see Table mil) are definitely "barium Insoluble" (at pH 8.2) and further 
reprecipltatlon usually entails no loss. 

The "barium soluble" fraction (including the soluble materials from the repreoipita- 
tion of the "barium Insoluble" portion) is treated (pH 8.2) with h volumes of 95)( ethyl 
alcohol, chilled for one-half hour, and the precipitate removed by centrifuging. It is 
Important that It be cold since if the precipitate is taken at room temperatures the co- 
enzymes are likely to be lost (Warburg and Christian, I 956 ). The precipitate la treated 
with HCl and a slight excess of HgSOh to remove the barium as the sulfate, the BaSOh re- 
moved by centrifugation, and washed with n/ 100 HCl. The supernatants and washings are 
neutralized, made to a definite volume, and held for analysis. This constitutes the 
"barium soluble-alcohol preolpitable" fraction (see Table XXXII). 

The "barium soluble-alcohol soluble" portion is concentrated under reduced pressure, 
at 30 - 35 ° 0. to small volume and held for analysis. The compounds present in this fraction 
are not known, with this exception: propanediol phosphate has been found (LePage, 19l48b). 
In most tissues this fraction contains only a small proportion of the phosphorus, hut in 
some tissues, especially plants, it may comprise as much as 30-40$ of the acid-soluble 
phosphorus . 

Procedure B : This is essentially similar to procedure A except that the "barium 
insoluble" and "barium soluble" fractions are precipitated together by the addition of 
alcohol in the first step. This tends either to remove, or to dehydrate, interfering 
polysaccharide materials (starches or haoterial gums) which sometimes act as protective 
colloids and prevent a clear separation of the compounds by procedure A. The diagram 
(Pig. 56 ) is self-explanatory. The best Index as to when this method should be used is 
the inorganic phosphorus content of the "barium soluble" fraction. If it is zero by- 
procedure A, the separation is probably satisfactory; if inorganic phosphorus appears in 
any quantity in any fraction except the "barium Insoluble", procedure B should be used. 
There Is an additional modification necessary for application to rat liver which will be 
described later. 


BASIC METHODS FOR THE ANALYSIS OF THE FRACTIONS 

The fractions obtained by the proceduree outlined above are analyzed for the compo- 
nents known to occur in them by means of certain characteristic properties of these com- 
pounds. This entails the use of a series of micromethods. The ones we have engployed are 
listed below. Obviously these can be modified and other procedures substituted at the 
convenience of the investigator. For all the methods described below we have employed the 
Evelyn (1936) photoelectric colorimeter using slightly smaller standardized tubes (150 by 
19 mm.) wi-th an adapter so that they would fit the instrument. If the usual size Evelyn 
tube is used, the same quantity of reagents, etc., may be employed' but the range of the 
methods will he slightly less. In standardizing these methods we first set up standard 
curves using pure compounds. All methods follow Beer’s law over the range indicated and 
are not subject to appreciable fluctuation. Each series of analyses includes a standard 
from which the contents of the samples are calculated and this standard must agree with 
the standard curve within the limits of precision of the method. The precision quoted is 
the standard deviation from the mean of a seriee of duplicates at approximately the center 
of the range given. 
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Inorganic ( ortho ) phoaphorua . Including phoaphocreatlna : Thia la determined after the 
Diethod of Flake and Suhharow (1925) aa followa: The aample la mixed in a colorimeter tube 
with O.k ml. 10 n H 2 SO 4 , 0.8 ml. 2.5)t ammonium molybdate, and 0.4 ml. of Flake -Suhharow 
reducing agent (materlala added In the order named), made to 10 ml. with dlatilled water. 

The color la developed at room temperature for 10 mlnutea. The 660 nji filter la uaed. 

The range la 4-40 mlorograms phoaphate phoaphorua with a precision of + 0.2 mlcrograma. 

In samples containing Inorganic phoaphate hut no phoaphocreatlna, ten minute color 
development la sufficient. When phoaphocreatlne la to be determined as well, the sample 
should he incuhated with the acid and the molybdate for twenty minutes before the addition 
of the reducing agent , to permit the hydrolyala of the phoaphocreatlne. 

W.E. Precautions should be taken to exclude contamination of the extracts or reagents 
with silica from homogenizera or from alkaline reagents stored in aoft-glasa containers. 

With the ooncentratlona of acid employed in the determination, silica will react aa in- 
organic phoaphorua. Some detergents used in washing glassware interfere with the method. 

Reagent : Flake and Suhharow (1925) reducing reagentr Grind 0.5 grams of 1-amino-a- 
napthol-4-Bulfonic add In 15)t NaHSOj, make to a volume of 195 ml. with 15)t NaflSOj and add 
5 ml. 20$ NagSCU. Warm until the materials are all In solution. This reagent is stable 
for several weeks If kept well stoppered to prevent loss of SO 2 and protected from strong 
light. 

The value obtained by this method Is a measure of both the ortho-phosphate and the 
phoaphocreatlne phosphorus since the latter is very rapidly decomposed by the molybdate 
reagent. Phoaphocreatlne la not found In yeaat, plant, or bacterial tissues so far 
studied, hence in these tissues the method above measures inorganic phosphorus. In animal 
tissues, however, the apparent inorganic phosphorus is composed of two parts, the "true" 
inorganic phosphorus and the phosphocreatine phosphorus. These are determined as follows: 

" True " Inorganic phosphorus : The method is adapted from that of Fiske and Suhharow 
( 1929 ). To the neutralized sample add one- fifth of Its volume of IO 56 CaClg saturated with 
Ca( 0 H )2 at pH 8 . 8 . Let stand at room temperature for 10 minutes. Centrifuge the precipi- 
tate and wash with a small volume of water containing 20$ of the CaClg reagent. The "true". 
Inorganic phoaphorua is thus precipitated; the phosphocreatine remains in solution. The 
washed precipitate Is dissolved In dilute HCl and Inorganic phosphorus determined on It as 
described above (calcium not removed). Thia value Is the "true" inorganic phosphorus of 
the tissue. According to Stone (19*i3) calcium ATT la hydrolyzed by calcium hydroxide. In 
the method described above the values for both "true" inorganic and phosphocreatine are 
identical when the calcium precipitation is conducted at 0° C. or at 25° C. indicating 
that ATP is not measurably hydrolyzed during the time required (10 min.) for this precipi- 
tation. 

Phosphocreatine : This is the difference between the apparent inorganic phosphorus 
and the "true" inorganic phosphorus, l.e., the phosphorus determined as "inorganic" by the 
method but which Is not precipltable by calcium at pH 8 . 8 . Since phosphocreatine is very 
labile in acid solution one must determine phosphocreatine as soon as possible after the 
extraction and keep all extracts cold until the aliquot for phosphocreatine has been neu- 
tralized. In trichloracetic acid phosphocreatine will be approximately 2^$ hydrolyzed in 
one hour at 15° C. A convenient means of avoiding use of a cold room Is to keep the tubes 
immersed in a beaker of crushed ice until the phosphocreatine analyses are completed. 

Total phosphorus : The sample is digested with 0.4o ml. of 10 W Ho3Ci| in an oven or 
sand bath for 30-60 minutes at i50-l6o° C., removed, partially cooled (this can be carried 
out in the pyrex colorimeter tubes) and 1-2 drops of ^(y$ hydrogen peroxide added. The 
tube is replaced in the oven for 15-20 rainutes, then partially cooled, and 1 ml. of water 
added to the reaidue. This diluted sample Is now heated at 100° C. for 10 mlnutea to de- 
compose pyrophosphates. The cooling before additions prevents the acid from fuming; fum- 
ing Is undesirable because some phosphorus may be lost. Now inorganic phosphorus la 
determined without further addition of acid. 

Beduclng sugar : This is patterned after the method of Folln and Malmros (I 929 ). The 
Baiqpls Is made to I .60 ml. in a pyrex colorlneter tube. To It are added 0.80 ml. of 0.405t 
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KjFelCNjg 8uid 0.40 ml. of oyanlde-cartionate reagent. The solutions are mixed, heated in a 
boiling water hath for 8 minutes, cooled 1-2 minutes, and 2.0 ml. of ferric iron reagent 
added. The volume is made to 10.0 ml. with distilled water and the color read against a 
reagent blank at 520 mji. The range is 4-kO micrograms of glucose with a precision of 
+ 0.4 mlorograms. It is necessaiy to have glass bubbles on the tops of the colorimeter 
tubes to minimize reoxldatlon by air. 

Cyanide-carbonate reagent: Diaeolve 8 grams of anhydrous NagCC^ in 40-50 ml. of 
water, add 15 ml. of freshly prepared 1^ NaCN and dilute to 500 ml. 

Ferric iron reagent: This is prepared by dissolving 20 grams of gum ghatti in 1 liter 
of water, filtering and then adding a solution of 5 grama of Feg(S0i^.)i, 75 ml. of 85^ 

^POij^ and 100 ml. of water. After mixing, about 15 ml. of 1^6 KMnOij, is slowly added to 
destroy reducing materials present in the gum ghatti, and the solution la allowed to stand 
several days before use. This reagent la stable indefinitely. 

Fructose : This is determined after the method of Eoe (1934). The sample is made to 

2 ml. in a pyrex colorimeter tube. 2 ml. of 0.1)6 resorcinol in 95)6 ethyl alcohol and 
6 ml. of 30^ HCl are added, mixed, heated for 8 minutes in a water bath at 80° C. to 
develop the color, cooled, and read in the colorimeter with the 490 mu filter. The range 
is 10-100 mlorograms of fructose with a precision of + 0.4 mlcrogram. 

It la necessary to have either pure fructose, pure fruot08e-6-pho8phate, or pure 
fruotoae-l:6-dlphoaphate as a standard. Methods of preparing the fructose phosphates are 
described in the literature (DuBols and Potter, 1943: Neuberg and Lustlg, 1942; Neuberg 
Lustig and Eothenberg, 1943). Fructose- l:6-dlphoaphate may be obtained from the Schwarz 
Laboratories, Mew York. The color obtained per micromole of hexose diphosphate is 52.5)6 
( fruotose-6-phoaphate, 6o.5)6) that obtained per micromole of pure fructose. If fructose 
Is used as a standard this must be taken Into account (see determinations of hexose-dl- 
phosphate and fruotoae-6-phosphate) . The resorcinol solution is stable for at least a 
month. As far as is known the method is specific for fructose in such extracts, although 
other keto compounds (perhaps ketoglucoalc acids, etc.) might conceivably Interfere were 
they phosphorylated and able to enter these fractions. 

Pentose : This is determined by the method of Meijbaum (1959) • Dilute the sample to 

3 ml. in a pyrex colorimeter tube; add 3 ml- of 1)6 orcinol in 0.1?> FeCli dissolved in con- 
centxated HCl, and heat in a boiling water bath for 30 minutes. Cool and read in the 
colorimeter with a 660 filter. The range Is 4-40 micrograms of pentose with a preci- 
sion of + 0.4 mlcrogram. This method determines pentose in ATP, ADP, adenylic acid and co- 
enzymes, as well as In the free form. A standard of xylose, arablnose, or ribose may be 
used, since all three give the same value (Sohlenok, 1942). The 0.1)6 FeCli in concentrated 
HCl can be kept as a stock solution, but the orcinol should be added just before the 
determination is made (10 mg./ml.). Orcinol as purchased is usually unsatisfactory; it 
should be recrystallized from benzene. 

Nitrogen : The sangile is digested in a pyrex tube in an oven or sand bath at I50- 
190° C. with 1.0 ml. of 5 N HgSQj (containing 150 milligrams of copper selenite per liter) 
for 12 hours or more. Then 1-2 drops of 30)6 hydrogen peroxide is added and the tube 
heated over a microburner until white fumes develop. The sample la cooled, washed into a 
colorimeter tube with small portions of water, 1.20 ml. of 5-5 M KOH added, mixed, and 
1.4 ml. of modified Messier's solution added. The volume is adjusted to 10.0 ml. and the 
contents of the tube mixed. After 10 minutes the transmission Is measured in the colori- 
meter with the 520 filter. The range is 5O-IOO mlorograms. The precision (t 1.0 
mlcrogram) la not as great as with other analyses, so It is well to have duplicates or 
triplicates. 

Modified Messier's solution: This is prepared by grinding 5-0 grams of KI and 5-7 
grams of Hgl2 together in a mortar with 50 ml. of water and making up to 500 ml. with 
water. There should be an excess of Bgig. Allow the mixture to stand overnight, then 
filter off the excess Hgl2. To 500 ml. of this filtrate add 160 ml. of a 1.5? gum ghatti 
solution. Mix and dilute to 1500 ml. This reagent is stable Indefinitely. 
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Nicotinic acid : Thla la patterned after the method of handler and Bald (1959)* The 
aample la mixed with an equal volume of 2 N KOH and heated for 1 hour in a holling water 
bath (to hydrolyze coenzymes and nicotinamide). On cooling the sample is neutralized to 
pH 7-0 with 2 N HCl and diluted to U.5 ml. with 0.2 M phosphate buffer of pH T.O. The 
sample la equilibrated in a water bath at 78-80° C., 0.50 ml. of cyanogen bromide reagent 
added and the incubation continued for 5 minutes. After the sample has cooled to room 
temperature, it la mixed with an equal volume (5-0 ml.) of photol reagent and allowed to 
stand for 1 hour, protected from direct light. Its transmission la then measured at 120 
mu. The range Is 5**10 mlcrograma with a precision of + 1.0 microgram. 

cyanogen bromide reagent: Add 10)6 KCN solution to a saturated solution of bromine In 
water until the latter is Just decolorized. 

Photol reagent: A saturated solution of photol, monomethyl-p-aminophenol sulfate, la 
made by shaking grams In 50 ml. of water. 

Both reagents should be made up fresh within 1-2 hours of use. 

Lactic acid : Thla method la patterned after that of Barker and Summers on (19*11). 

The sample, containing 3-3O mlcrograma of lactic acid, is pipetted into a clean I6 x I50 
"mm. teat tube, made to *1.5 ml- with water, and 0.5 ml- of 20)6 CuS(\'5H20 added. Approxi- 
mately 0.5 grama of Ca(0H)2 Is added and dlaperaed by shaking. The copper-calcium hydrox- 
ide precipitate removes interfering materials. The precipitate la redlsperaed several 
times in the course of 30 minutes or more. After centrifugation, a 1.0 ml. aliquot of the 
supernatant Is transferred to a clean tube, with care not to include any of the precipi- 
tate. Tube and aample are chilled in an Ice bath, and 6.0 ml. of concentrated HjSQ^, is 
added slowly from a pipette or burette, with vigorous shaking. This precaution, cooling 
and shaking, avoids localized heating which can cause irregular results (further oxidation 
of the acetaldehyde to acetic acid). An alternative method is to slowly layer the 1 ml. 
allquote over the surface of 6 ml. cold sulfuric acid (the tubes remaining In the Ice 
bath). Giving the tubes a quick shake will mix the aample and the sulfuric acid without 
appreciable heating. Tubes are heated In a boiling water bath for 5 minutes, cooled to 
below 30° C. , and 1 drop each of *t)6 CuS0ij'5H20 and p-hydroxydlphenyl reagent added. 
using the same dropper each time, including the standards, one need not measure these re- 
agents except by drops. The additions are Immediately dispersed by shaking and the tubes 
incubated at 26-30° C. for 30 minutes or more with occasional shaking to redlsperse the 
reagent. The tubes are then heated In a boiling water bath for 90 seconds, cooled, and 
the samples transferred to colorimeter tubes. Transmission Is read against a reagent 
blank at 565 m;i. The range is 5-50 micrograms with a precision of + 0.4 mlcrogram. 

A standard curve can be run with either pure zinc lactate or C.P. 85^ lactic acid. 
With the latter, the acid Is diluted to approximately 1 N, boiled to depolymerize, then 
titrated with standard alkali and phenolphthaleln, and diluted appropriately. 

The sulfuric acid used should be of reagent grade, kept free of metals, organic 
matter and nitrates. Traces of nitric acid renders it unfit for use In this method. 

Para-hydroxydiphenyl reagent: Dissolve 1.5 gm. of p-hydroxydiphenyl in 100 ml. of 
0.5)6 BaOH. It will keep indefinitely in a refrigerator, or for several months at room 
temperature In a dark bottle. 

A blank should always be run through the complete procedure to make sure that no con- 
tamination has occured from glassware or reagents. Necessary precautions in this method 
include care that the apparatus is clean, since contact of fingers with the lip of a tube 
can add sufficient lactate to influence results seriously. Glassware cleaned In chromic 
acid should be rinsed and Inmersed in dilute alkali solution (0.2 N NaOH) for a few 
minutes before final rinsing to insure removal of chromium. As soon as the operator be- 
comes convinced of the necessity of the precautions outlined, especially cleanliness of 
glassware and slow addition of acid to the sample in the cold, consistently accurate re- 
sults are easily obtained. 

Adenosine triphosphate ( ATP ) and adeposlne diphosphate ( ADP ) : Both of these com- 
pounds are quantitatively precipitated in the barium-insoluble fraction. If inorganic 
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phosphate is ahsent, ADP hocomea much more aoluhle, hut in the presence of inorganic phoa- 
photus the solubility is only 4 mlcrograms per milliliter. Both ATP and ADP contain 
adenine, rlhose and. phoaphorua. They are the only pentose compounds in this fraction. 

ATP has two easily hydrolyzable phosphates; ADP has one. Conaeq,uently both can be calcu- 
lated l:gr measurement of riboae, inorganic and easily hydrolyzable phosphorus (7 minutea 
1 N HCl, 100° C. ). For example, a molar ratio of easily hydrolyzable phosphorus to ribose 
of 1.85 indicates that 85?6 of the riboae is present as ATP, 15^ as ADP. A check on the 
ri'bose analysis of the fraction can be provided by measurement of the absorption of the 
solution at 260 nji. in the spectrophotometer (see determination of adeiylio acid, page ls4) . 
This absorption la due to the adenine component. 

Fructoae-l:6-dl phosphate ( HDP ) : In the presence of inorganic phosphate, this compound 
is quantltatlTsly precipitated with barium. In the absence of Inorganic phosphate, it is 
considerably more soluble (pH 8.2, excess barium; soluble to the extent of 2.8 mg. /ml.). 
Since It la the only fructose eater In the fraction, it can be estimated by measurement of 
fructose. As it does not react as the theoretical amount of fructose (52.5)t), fructose 
measured must be multiplied by the factor 3.6O to convert it to HDP present. If pure HDP 
is used as a standard, no correction is necessary. Since it la the only reducing compound 
present in the fraction* (9*5^ that of an equal weight of glucose), the measurement can be 
checked by determining reducing sugar. 

Little HDP is normally found in intact tissues. Consequently it is a small part of 
the phosphorus in the fraction. If any appreciable amount is found, the easily hydrolyz- 
able phosphorus attributed to ATP and ADP needs to be corrected for a 26.55t hydrolysis of 
the HDP phosphorus. 

Analyses made under special clrcumstancas involving large amounts of HDP and relative- 
ly less inorganic phosphate, such as analyses of reaction mixtures for glycolytic studies 
^ vitro , require a different approach. Hera HDP Is more soluble and can be precipitated 
quantitatively with barium provided 10)t ethanol is present. 

Phosphoglycerlc acid : This compound (3-ph08phoglyoerlo acid) is usually a measurable 
oonqionent of the tissue phosphorus. It la quantitatively precipitated with barium. Al- 
though a colorimetric method is available for Its measurement (Eapoport, 1937), It has 
generally proved unsatisfactory owing to interference of other materials. The ester can 
be determined by making use of its resistance to acid hydrolysis. From the Inorganic 
phosphorus after 3 hours of hydrolysis (1 N HCl, 100° C. ) and the total phosphorus of the 
fraction, a figure can be computed for "resistant phosphorus". This Includes the phospho- 
glycerlo acid phosphorus, but must be corrected for unhydrolyzed phosphorus of ATP and ADP 
(41.3^ of the stable phosphate). This test may be refined, if desired, by treating an 
aliquot of the barium-insoluble fraction with mercury in acid solution to precipitate the 
nucleotides (phosphoglycerlc acid is soluble) and with magnesia mixture in alkaline solu- 
tion to precipitate moat of the Inorganic phosphorus, then carrying out measurement of 
total and 3 hour hydrolyzed phosphorus. Eeslstant phosphorus is now all phosphoglycerlc 
phosphorus . 

Phosphocreatlne : This is computed from the inorganic phosphorus determined on the 
original extract, and on the calcium precipitate, by difference. It is apparently an 
accurate representation in muscle, brain, heart, kidney and tumor, but questionable In the 
case of liver. It is not found in plants or microorganisms. The phosphocreatlne appears 
In the barium-soluble alcohol insoluble fraction. 

Glucose-l-phosphate : This ester Is easily hydrolyzable in acid and can be conqjuted 
by measurement on the barium-soluble alcohol-insoluble fraction of either inorganic phos- 
phorus or reducing sugar before and after hydrolysis (7 minutea, 1 H HCl, 100° C.). The 
two values usually agree well, that- from reducing sugar tending to be slightly higher ow- 
ing to sli^t hydrolysis of other eaters. If phosphopyruvic acid or trlossphoaphate Is 
present, a correction mast be applied to the easily hydrolyzable phosphorus for a 46)t 
hydrolysis of these esters. 


^Glutathione Is soluble to the extent of more than 2 mg. /ml. under these conditions and 
will not occur in this fraction. 
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Fruotoee-6-phQaphate : Thla can be computed from the fructose analyses on the barium- 
soluble alcohol-lnaoluble fraction, since it la the only fructose eater present in the 
fraction. It responds only 60.5^t of the theoretical to the fructose test, so that fructose 
analysis must be multiplied by the factor 2.59 to obtain fructoae-6-pho3phate, unless the 
pure eater is used as a standard, in which case no factor would be necessary. It responds, 
without hydrolysis, to the reducing sugar test to an extent equivalent to 51. 6^ of its 
weight of glucose. It la slowly hydrolyzed in acid, requiring 5 hours to hydrolyze in 

1 H HCl at 100'^ C. 

GlueQ8e-6-phoaphate ; This eater is usually a major constituent of the barium-soluble 
alcohol-lnaoluble fraction. It has a reducing value equivalent to 13 -2^ its weight of 
glucose and can be calculated from the reducing sugar measured on this fraction corrected 
for reduction due to fructose-fi-phosphate and rlboae phosphate not combined in nucleotides. 

In certain apeclflo circumstances errors may be caused in this measurement by gluta- 
thione and glucose. However, glutathione will not precipitate in this fraction unless it 
exceeds 1.2 mg/ml. in the original extract, which la not a usual physiological circum- 
stance. If a tissue is hyperglycemic, as may he especially true for autolyzed liver for 
example, there is danger that the analysis for gluoo3e-6-phoaphate by this means will be 
high because of precipitation of part of the glucose with barium and alcohol. If this 
circumstance is met, it can be surmounted by taking an aliquot of the barium-soluble 
alcohol- Insoluble fraction and repreclpltatlng it several times with barium and alcohol, 
redlasolvlng in water each time, all in the same tube. this procedure it was found 
that approximately of the glucose was lost on each precipitation and as many as four 
such precipitations resulted in no measurable loss of glucoae-6-phoBphats (some of the 
other esters are not so well recovered). Eeducing sugar measurements on this material, 
corrected for fruotoae-6-ph08phata, are free from errors caused by interfering materials. 

Fhosphopyruvlc acid : This compound, when present, occurs in the barium-soluble 
alcohol-insoluble fraction. It is best to determine it on the original extract first. 

Its measurement is based on its property of being hydrolyzed by alkaline iodine to yield 
Inorganic phosphorus ( Lohmann and Meyerhof, 195**-)- The determination is made by diluting 
the sample to 1.55 ml- in a colorimeter tube, adding 0.1 ml. of 2 N KOH and 0.05 “!• of 
0.1 M iodine in KI, incubating for 15 minutes, then adding acid and discharging the excess 
iodine with sodim bisulfite. Inorganic phosphorus is measured and compared with that ob- 
tained without alkaline hydrolysis. The difference is computed as phosphopyruvlo acid 
phosphorus. (Iodoform formation la ordinarily not sufficient to Interfere.) This com- 
pound does not usually accumulate to a measurable extent in animal tissues. 

Trloae phosphates ( dihydroxyacetone phosphate and 5-glycaraldeh.Yde phosphate ) : These 
are determined by measuring alkali -labile phosphorus. (Lohmann and Meyerhof, 193^.) Fhos- 
phopyruvic acid is not hydrolyzed In thla test. The sample is mixed in a colorimeter tube 
with an equal volume of 2 N KOH, Incubated for 20 minutes at room temperature, neutralized, 
and inorganic phosphorus determined. The inorganic phosphorus hydrolyzed In this teat on 
the barium-soluble alcohol-insoluble fraction is a measure of triosephosphate. Methods of 
differentiating the two have teen described by Utter and Werkman (19*+!). These eaters do 
not ordinarily accumulate to a measurable extent in animal tissues. 

Adenylic acid : When the necessary eqxiipment is available (Beckman quartz spectro- 
photometar), adeiylic acid is most simply estimated on the barium- soluble alcohol-lnaoluble 
fraction, in which it occurs, by measurement of the absorption at 260 mu. in the spectro- 
photometer. Measurement of pentose sugars gives preliminary indication of the concentra- 
tion. An aliquot of the fraction is diluted in m/ 15 phosphate buffer at pH 7.0 and trans- 
mission read against a buffer blank. The range is approximately 2-20 miorograms of 
adenylic acid per ml. (required ml.). A standard curve can be constructed with 
adenylic acid or adenosine. 

When the aforementioned equipment is not available, a second method may be used which 
has been demonstrated to give the same results with animal tissues. This method ma k es use 
of the property of adenylic acid by which all the adenine can be hydrolyzed by 1 N HCl at 
100° C. in 10 minutes without any appreciable hydrolysis of the rlhoae phosphate component. 
This hydrolysis is carried out on an aliquot of the barium-soluble alcohol-lnaoluble frac- 
tion, with the hydrolyzed material neutralized to pH 8.2 and the ribose phosphate preoipl- 



ANALYSIS OF PHOSPHORYLATED INTERMEDIATES 


195 


tated as before with barium and alcohol. The adenine remains in solution. The precipitate 
is dissolved, the barium removed, and nitrogen analyses are carried out on it and on the 
original fraction. The difference, l.e., nitrogen lost on hydrolysis, is the adenine 
nitrogen; hence adenylic acid can be calculated. 

Both methods require a correction for any adei^llc acid present as phosphopyridine 
nucleotides (coenzymea I and II - DPN and TPN) . These are determined separately. 

Coenzymes : The phosphopyridine nucleotide coenzymes (coenzyme I and II) are fiot com- 
pletely recovered here (some go Into the barium-soluble alcohol- soluble fraction). The 
amount of the two (sum) that is present can be determined by measurement of nicotinic acid, 
which is a component of both, and calculation from this analysis. ’ 

With a Beckman spectrophotometer or similar instrument, a second method is available 
-- measurement of absorption of the reduced coenzymes at 3t0 mp. Because of the reproduci- 
bility of results with this Instrument, the range can be carried down to 5 micrograms (com- 
puted as DPN, since there is usually several times more DPN than TPN) with & *5$ error. 

It is more accurate when higher levels are used. For this assay, two O.50 ml. aliquots of 
the barium-soluble alcohol-insoluble fraction (containing 5-1T5 miorograms of DPN) are 
pipetted into IJ x 100 mm. tubes, 0.4o ml. of freshly prepared gjt NaHCCj is added to each 
and 0.10 ml. of water to one, 0.10 ml. of a freshly prepared 35t sodium hydrosulfite in 1$ 
NaHCOj to the other. Both are incubated for 20 minutes at room temperature, then J ml. of 
NaECOj-1^ NagCOj solution is added to each and a stream of air is passed through each 
for 5 minutes. Both solutions are used to measure transmission at jEo mp. against a blank 
of the NaHC0j-Na2C0i buffer. Some absorption due to other materials is obtained in the 
unreduced sample. The difference is absorption due to reduced phosphopyridine nucleotides. 
The figures so obtained agree with nicotinic acid assays within limits of error. 

F1 1:1039 phosphate : There Is in some tissues an excess of ribose, measured in the 
harium-soluble alcohol-insoluble fraction, above and beyond that accounted for by adenylic 
acid and phosphopyridine nucleotides. This appears to be free ribose phosphate. It can 
be determined by difference, using the ribose, adenylic acid and phosphopyridine nucleo- 
tide analyses of the fraction. The significance of this component, whether it is present 
as a product of nucleotide metabolism or of oxidative hexose degradation, is not known. 

Sly cogen : Except for tissues like liver, cold trichloroacetic acid does not extract 
glycogen, and it can be measured on the tissue residue left after the esters are extracted. 
This tissue residue is mixed with 5 ml. of 50)t KOH and heated in a boiling water bath until 
completely dissolved (lO-JO minutes), then treated with 6 ml. of 95)6 ethanol while hot, 
cooled, and the glycogen precipitate centrifuged out. This is patterned after the method 
of Good et (1933). The supernatant is discarded and the precipitate hydrolyzed 2 hours 
In 1 N HCl at 100° C. The glycogen obtained from the trichloroacetic acid extract of liver 
la hydrolyzed also. The hydrolysate is neutralized and the reducing sugar measured with a 
copper reagent, such as that of Shaffer and Soraogyl (1935). The factor 0.927 can be used 
to convert glucose measured to anhydrous glycogen. This procedure is satisfactory for 
liver, kidney, heart and muscle, but another feature must be added in the analysis of 
brain. For this, the tissue residue is dissolved in KOH and treated with alcohol as be- 
fore. The precipitate obtained is suspended in a warm mixture of chloroform-methanol (20 
volumes of CHCl, and 80 volumes of methanol) and centrifuged. This is repeated twice be- 
fore the hydrolysis in acid- The washing- removed cerebrosides which otherwise cause error 
by hydrolyzing in acid to yield reducing compounds (Kerr, I956). 

Amlnoethyl phosphate : This compound is found in autolyzing tissues, probably from 
breakdown of sphingoslne. If present, it appears in the harium-soluble alcohol- soluble 
fraction where It can be precipitated with uranium and Inorgzinlc phosphate provided the 
fraction is reduced to a small volume. It can be Identified- by elemental analysis. 

Propanediol phosphate : This compound is present in the barium-soluble alcohol- 
soluble fraction of tissues. It appears to constitute jja of the acid-soluble phosphorus 
of brain, 1-2)^ of that of liver, kidney and tumor. Solubility of the uranium salt is un- 
affected by Inorganic phosphorus (exceeds 1)- mg. /ml. in solubility). It can be precipi- 
tated from this fraction when the volume is sufficiently reduced (solubility in the pre- 
sence of excess basic lead acetate is 0.I5 mg. /ml.) by basic lead. It is highly resistant 
to alkaline or acid hydrolysis. 
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DISCUSSION 

These methods and the properties of 'the compounds have been tested by the use of pure 
eaters. In moat Inetancea they have also been confirmed by isolation of the compounds, 
from larger samples of tissue, in high yields (110-855^). ^’or tabulated analyses of animal 
tissues made with these methods, the reader Is referred to reports In the literature 
( Albaum et al. , 19 ^ 6 ; lePage, 19 ** 6 a, 19 h 6 b, 19 t 8 a, 1948b and '19480). 

The lui vivo level of the high energy phosphate reservoirs in a tissue always depends 
on the balance between synthesis and utilization. As has been pointed out (LePage, 1946b) 
It is possible to have high energy phosphorus reservoirs remain in a tissue because of 
failure or blocking of enzymes of utilization. It has been reported that brains Infected 
with a virus had higher levels of ATP than did control brains (Kabat, 1944). In another 
study higher phosphocreatlne levels were observed in falling hearts than were found in the 
functioning control hearts (Wollenberger, 1947). In both instances the explanation that 
enzymes of ATP utilization were failing more rapidly than enzymes of ATP synthesis Is 
plausible. In the former case it is possible that the virus behaves in the same manner as 
an anesthetic, since no anesthetic was used on the controls (see LePage, 1946a). 

The techniques described here provide a means of evaluating the ^ vivo mechanisms of 
ATP synthesis and also the mechanisms of ATP utilization, provided the correlated processes 
of function and ATP synthesis (glycolysis and respiration) can be simultaneously appraised. 

G. A. LePage 
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Chapter XVI 

PREPARATION OF PHYSIOLOGICALLY IMPORTANT 
INTERMEDIATES AND METABOLITES 


INTRODUCTION 

In the course of study of niHte loetahollsm, certain naterials are required which are 
not availahle'^rom chemical supp^^houses . The preparation of some of these is described 
in this chapter. Whenever possible synthetic methods are given on the condition, however, 
that we ourselves have successfully employed these syntheses. Certain materials are ob- 
tainable only by isolation. For these, the principle followed la that the starting ma- 
terial should be as high as possible in the component to be isolated. Only isolations 
which we ourselves have successfully done are described. Some of the materials are avail- 
able on the market but in rather limited anuunts from few sources. In these cases we have 
referred to the eouroes from which we have obtained the material without reference to 
whether any more of the material may be available or whether other suppliers are able to 
fill the need. 

The material contained in this chapter la concerned only with the following subjects: 

1. The preparation of the principle intermediates of the "Meyerhof- Embden System". 

2. The preparation of the principle intermediates of the Kreb's "Trl-oarboxyllc- 

aoid Cycle". 

3. The preparation of certain important electron transporting systems and cofactora. 

It. The preparation of certain widely used suspending media. 


INTERMEDIATES OF THE MEYERHOF- EMBDEN SYSTEM AND RELATED COMPOUNDS 

These phosphorylated materials play a key role in tissue metabolism. Discussion of 
their role will be found throughout the literature but especially in the papers and re- 
views of Burk (1939), Cori (19^2), Barron (19**5), Lipmann (19**1), Kalckar (19hl), Meyerhof 
(19*tl, 19^2), Potter (19*tlt, 19*t5), Sumner and Somers (19^7), and others. Methods of de- 
termining these materials are discussed in Chapter I3. 


GLUCOSE- 1 - PHOSPHATE 


The preparation of glucose-l-phosphate (as C6Hpi05-0-P0542H20) from starch and in- 
organic phosphate in the presence of phosphoiylase from potato tubers is described by 
Hanes (l9l^0), Sumner and Somers (19*^*•■) and McCready and Hassid (I9hk). Although we have 
had no experience with the ‘procedures given by the latter two groups of workers, both ap- 
pear to offer the particular advantages of a considerable saving of time and ease of re- 
moval of the dextrlns remaining in the original digest. Additional information on its 
preparation will be found in a paper by Cori, CJolowick and Cori (1957) in which its syn- 
thesis is described.. 


This ester is now available commercially (e.g., 
Hlchmand Hill, N. T.). 


Dougherty ChemloalB, 87-3^ 13l^th St., 

J, F, Staufftr 


FRUCTOSE - 1 - PHOSPHATE 

This compound is not ordinarily considered to be an intermediate in the* Meyerhof- 
Embden system, but there is some evidence to show that it may act as an intermediate be- 
tween this system and bacterial polysaccharides. The method of preparation and the proper- 
ties of the ester have been described by Macleod and Robison (1933). Tanko and Robison 
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(1935) and Pany (19*^2). Bone phosphatase Is allowed to act on hexosedlphosphate until one 
phosphate group is removed. This Is removed at either end of the hexosa-di-phosphate mole- 
cule yielding 50^ fructose-l-phosphate and 50^ of a mixture of fruoto8e-6-phosphate and 
gluco3e-6-phosphate (the latter arising because of the action of a phosphohexoisomerase 
present in the hone phosphatase) . The inorganic phosphate released and any residual hex- 
osedlphosphate la removed in the barium insoluble fraction (see analytical methods. Chapter 
15) and the mixture of monophosphates la removed in the barium soluble alcohol precipl table 
fraction. The gluooee-6-phosphate la oxidized to phosphogluconio acid (which la removed in 
the barium Insoluble fraction) by bromine, and the fructose phosphates remaining are sepa- 
rated by the fractional crystallization of their brucine salts. Fructose-l-phoaphate is 
as labile as gluoose-l-phoaphate to acid and is highly levo-rotatory. 

"EMBDEN’S ESTER" 

This is an equilibrium mixture of glucoae-6-pho8phat6 and fructoae-6-phoBphate. Its 
preparation from yeast has been described in some detail by Warburg and Christian (1932) 
(especially p. 456 ff. ), and a convenient preparation from fresh yeast has been reported 
by DuBoia and Potter (1943). The "ester" la valuable as a source of "mcnophoaphates" for 
enzyme studies and as a source of gluoos8-6-phoaphate and phosphogluconio acid. 

f. r. Vmbreit 


GLUCOSE- 6 -PHOSPHATE (ROBISON ESTER) 

Previous methods of preparing gluoosa-6-phosphate for use in biological experiments 
have been based on the isolation of this eater from a crude mixture of hexose monophos- 
phates obtained by yeast fermentation. It has also been prepared by allowing phoapho- 
gluoomutase to act on gluoose-l-phosphate (Colowick and Sutherland, 1942). A non-blologi- 
cal method of synthesizing the eater as devised by Lardy and Fischer (1946) is given below. 

^)2,3,4-Tetraaoetyl-p-D-gluoopyrano8e is prepared from 6-trityltetraaoetyl-p-D-glucose 
according to the procedure of Helferich and Klein (I926) (see Eeynolds and Evans (1942)) 
except that the crystallization is made from a concentrated chloroform solution (not syrup) 
by the slow addition of dlbutyl ether. The first crop of crystalline tetraacetyl-p-B- 
glucopyranose corresponds to a yield of about 67)( with a melting point of 124-127° C. 

This material can be phoaphoiylated directly or after recrystalllzlng from chloroform by 
the addition of di butyl ether to give the pure substance, m.p. 123-129° C- 

lj2,3,4-Tetraaoetyl-6-dlphenylpho8phono-6-D-gluoopyranoBe is prepared by adding 6.0 
gm. of diphenylohlorophosphonate (Brlgl and Muller, 1939) dropwise to a cooled solution of 
7.1 gm. of l,2,5,^-tetraaoetyl-p-D-glucopyrano8e in 20 ml. of anl)ydrous pyridine with con- 
tinuous shaking and cooling in an ice bath. The reaction begins at once, and within a few 
minutes a copious crystalline precipitate of pyridine hydrochloride appears. The mixture 
is kept in the ice bath for 15 minutes and then placed in a refrigerator at 10° C. over- 
night. A few drops of ice water are added to hydrolyze the excess of acid chloride and 
after one-half hour the product is separated by pouring slowly into 600 ml. of ice water 
under continuous stirring. When the precipitate becomes granular, it is filtered off and 
again stirred up in fresh ice water. The product is filtered off, washed with cold water, 
and dissolved in 100 ml. of chloroform. The chloroform solution is washed once with 
dilute HCl and two times with distilled water, dried with anhydrous sodium sulfate, and 
evaporated under reduced pressure to a syrup. The product is crystallized by careful ad- 
dition of petroleum ether (b.p. 6o-80° C.), swirling, and allowing to stand for several 
hours; the process may be hastened by seeding or scratching. The product is filtered with 
suction, washed with petrolem ether, and dried. The yield is about 10. 9 gm. (925^ of the 
theoretical). It melts at 64-66° C. And is of sufficient purity for subsequent use. The 
pure substance may be obtained by recrystallizlng from isopropyl ether, or from acetone 
by the addition of water. Its m.p. is 68^ C. It is soluble in chloroform, acetone, 
benzene and ethyl alcohol. It has an optical rotation of TalpS = + 16.5° (c = I.37 in 
anhydrous pyridine). 

C26H29O13P (580.5). Calculated C 53.8, H 5.04, P 3.54 
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l,2,3,l+-Tetraacetyl-p-D-gluco8e-6-phosphorlc acid is prepared ty shaking a solution 
of 7.0 gm. of tetraacetyl-6-diphenylphoaphono-p-D-glueopyranose In 70 ■‘‘I- of anhydrous 
methanol (prepared according to Lund and Bjerrum, 1931) with 0.7 gm. of platinum oxide 
(Adams' catalyst) in an atmosphere of pure dry hydrogen at a pressure slightly greater than 
1 atmosphere. When the reduction nears completion, the free acid begins to crystallize in 
fine needles. The absorption of hydrogen stops abruptly when the theoretical q.uantity (8 
moles) has teen consumed (this required from 2-5 to A. 5 hours in several runs). After 
warming to dissolve the product, the catalyst is removed by filtering or centrifuging. An 
equal volume of petroleum ether is added in portions to the filtrate and crystallization 
allowed to proceed during alow cooling. The crystals are filtered with suction, washed 
with petroleum ether, and dried ^ vacuo at room temperature. The yield obtained is about 
5.6 gm. (65it of the theoretical). The product melts at 126-198° C., and contains the 
theoretical amount of organic phosphorus. When recrystallized from anhydrous methanol by 
alow addition of petroleum ether, the substance melts at 127-128° C. A second crop of 
crystals of the original purity may be obtained by evaporating the mother liquors to dry- 
ness under reduced pressure at a bath temperature of 25° C. and recrystalllzing the product 
from methanol-petroleum ether. Analyses have indicated that the substance crystallized 
with 1 mole of methanol which could not be removed by heating to vacuo without causing 

further decomposition. The optical rotation is []ci]§^ = + 17.*+ (c = 1 (of methyl alcoho- 
-late) in anhydrous pyridine): calculated for solvent-free compound 

Cii^HgiOijP (b28.5) Calculated C 39.5, H P 7.23 

cuHaiOijp. CE50H (1*60.5) c 39-1, H 5-1*7, P 6.75 

The potassium salt of glucoae-6-phoaphate is prepared as follows: To 5.3 g“. of 
tetraaoetylgluoose-6-phQsphoric acid (from methanol, see above) partially dissolved in 
75 ml. of cold anhydrous methanol, a sufficient quantity of potassium methoxlde in anhy- 
drous methanol (prepared by the cautious addition of clean potassium metal to anhydrous 
methanol: solutions of 1-2 K have been used) to neutralize the free acid groups is added 
dropwlse with shaking. Complete solution is attained after the first few drops are added. 
Cleavage of the acetyl groups is initiated by the addition of a catalytic excess of 1.5 
milliequivalents of potassium methoxlde. The potassium salt of glucose-6-phoaphate begins 
to separate at once. The cleavage la allowed to proceed at refrigeration temperature in a 
tightly stoppered flask overnight. The product is separated by centrifuging, washing four 
times with anhydrous methanol, once with each of the following methanol-ether mixtures: 
80:20, 50:50,- 20:80, and twice with anhydrous ethyl ether. After drying ^ vacuo at room 
temperature the yield obtain by following this procedure was 1.65 gm. (68.5^ of theoreti- 
cal) . ^ is essential to use only anhydrous solvents and thoroughly dried equipment in 

order to obtain good yields . The potassium salt must be stored under anhydrous conditions. 

The optical rotation of the potassium salt was = *-21.2° (c = I.3 in water). 

‘^6%1°9^ (336.3) Calculated: C 21.1 *, h 5.29, P 9-21 

From the combined mother liquor and methanol washings an additional quantity of 
gluooae-6-phosphate can be obtained as the barium salt. The slightly turbid alcohol solu- 
tions are treated with an excess of BaBrg in anhydrous methanol. When the barium salt has 
settled. It Is separated by centrifuging, washed with absolute alcohol, and finally with 
ether. This procedure has resulted in a yield of 0.6 gm. of the barium salt (21^ of 
theoretical of the original starting material) after purification as described below; thus 
the combined yield of the potassium and barium salts was 89.5)^ of theoretical. To obtain 
all of the product as the barium salt, BaBrg may be added after the deaoetylation by 
potassium Mthoxlde is completed, and the barium salt again purified as described in the 
following paragraph. 

The tetraacetylglucose-6-phosphorlc acid may be deaoetylated as follows: 0.5 gm. of 
tetraaeetylgluco0e-6-phosphoric acid is dissolved in 35 “1- of 0.66 N HBr and the solution 
heated on the steam bath for 3 hours. After cooling, pulverized barium hydroxide is added 
to neutrality. The solution is filtered and ** volumes of ethanol added. When the precipi- 
tate has settled, the supernatant liquor is decanted. The precipitate is washed in suoces- 
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Sion with 90^ ethanol, absolute ethanol, 755^ ethanol-25^ ether, 25^ ethanol-T5^t ether, and 
finally with diy ether. After drying in air, the barium glucose-6-phosphate la dissolved 
by extracting successively with 20, 10, and 5 ml. portions of distilled water. To the 
clear filtrate volumes of ethanol are added and the product separated and dried as above. 
The barium salt (0.33 gm. ) prepared by this procedure was free of Inorganic phosphate and 
on the basis of Its organic phosphorus content was 9356 pure (yield 7256 of theoretical). 

Its rotation (purity baaed on phosphorus analysis) was = +17.9°. 

H, A, Lardy 


FRUCTOSE- 6 -PHOSPHATE (NEUBERG ESTER) 

This compound is prepared by the acid hydrolysis of hexosedi phosphate. After hydro- 
lysis, the Inorganic phosphate and the residual hexosedi phosphate are precipl table as the 
barium or calcium salts leaving fruct03e-6-pho3phate in solution, from which it may be 
precipitated (as the barium or calcium salt) by the addition of four volumes of alcohol. 
Details of the method are described by Heuberg, Lustig and Eothenberg (1943).. 


FRUCTOSE - 1 - 6 - D1 PHOSPHATE 
(HEXOSE-DIPHOSPHATE, HARDEN-YOUNG ESTER) 

This substance is now available in the form of relatively inexpensive barium or calci- 
um salts from the Schwarz Laboratories (202 East 44th St., New York City) and Nutritional 
Biochemioals Corp., hence no longer need be prepared by the individual investigator. While 
Lebedev extracts have been widely used in its preparation, Neuberg and Lustig (1942aJ and 
DuBols and Potter (I 943 ) have described methods using fresh yeast. Neuberg^ Lustig and 
Eothenberg (19*+5) describe a simple and convenient method of preparing the pure compound 
(by means of its acid salts) and give a rather complete summary of its chemical properties. 

PHOSPHOGLYCERIC ACID 

Two compounds are of particular interest, l.e., 4(-) 3-phosphoglycerlc acid (Nllsson- 
Lohmann ester) and d( +) 2-phosphoglyoerio acid (Kiessling ester). The synthesis of both 
has been described by Neuberg (1945). In tissues they are in etjul 11 brlum, with the 5-e3ter 
predominating. The preparation of the 3-ester from both fresh or dried yeast is relatively 
simple (Neuberg and Lustig, 1942b) and consists of allowing the fermentation to go on in 
the presence of fluoride and acetaldehyde. JhrtheA, the acid is readily prepared from 
almost any tissue. Inasmuch as it is the only compound resistant to acid hydrolysis in 
the barium insoluble fraction of yeast and animal tissues it may be readily Isolated by 
subjecting the separated barium insoluble fraction to acid hydrolysis (1 N HCl, 100° C., 

6 hours), precipitating the inorganic phosphate and unhydrolyzed phosphoglycerlc acid with 
barium, removing the barium with sulfuric acid, the phosphate with magnesia mixture, and 
reprecipitating the pure phosphoglycerlc acid with barium. (See Chapter I5.) 

F. W. Vmbreit 


DETERMINATION OF PHOSPHOGLYCERIC ACID BY OPTICAL ROTATION 
IN THE PRESENCE OF MOLYBDATE 

This method is so clearly described in the original publication (Meyerhof and Schulz, 
1938) that the only reason for describing it here is to provide the details for those to 
whom the original journal may not be available. The method is far more specific than that 
of Rapoport (see page 193); the only interfering substances being other a -hydroxy acids 
and excessively large amounts of inorganic phosphorus. Inorganic phosphorus may be re- 
moved with magnesia mixture and the phosphoglycerlc may be separated from most other acids 
by precipitation with lead acetate at a pH of about five. 

The optical rotation of the acidified solution of phosphoglycerlc acid is determined 
before and after the addition of 1/3 volume of 2556 ammonium molybdate. For d(-) 5-phos- 
phoglycerlc acid in N HCl Meyerhof gives = -13.2°; with molybdate = -745°. 
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The naturally occurring equilibrium mixture of d(-) J-phosphoglycerlc and 

d('i-) 2-pho3phoglyoerlo acids la according to Meyerhof -650° to -670° In the presence of 
molybdate. 

Example; The specific rotation Is defined as 
[a]n = 100 a/e c 

Where: a = observed angle of rotation. 

e = length of tube In decimeters. 

c = grama of material dissolved in 100 ml. solution, 
t = temperature of the experiments. 

D = wave length of light used (D line of sodium). 

Solution of 0.907 mg. 5(-)pliQaphoglycerlc per ml. used (pure eater). 

(no molybdate) = 0; after addition of l/j volume of 25/t ammonium molybdate = -0.l5°; 
length of tube = one decimeter. (21° C.). 

0 = 100 a/e [a]^ = 100 x -O.I5/1 x -7**5 = O.060I 

Thus 0.060*1 grama exist In 100 ml., or O.60I mg. per ml. This had been diluted 1/5 by the 
addition of molybdate, hence original concentration found was 0.60t x 3/2 = O.906 mg. /ml. 
found; taken: 0.907 mg. /ml. Specificity permits its use in extracts without extensive 
purification. 

B. A. Lardy 


ENOL-PHOSPHPVRUVIC ACID 

The procedure employed is modified from that of Kiessling (1955)- 

Quinoline to be used in this procedure should be freed of water by treatment with 
CaO, and distillation under vacuum, or CaO separated and the quinoline distilled at ordi- 
nary atmospheric pressure. The pyruvic acid should be distilled under vacuum (5-8 mm., 
35-hO° C.) and the first third of the distillate discarded to avoid Including water. 

20 gm. of pyruvic acid Is dissolved in 60 gm. of quinoline and the mixture put In a 
flask, equipped with an electric stirrer, so that very efficient mixing can be obtained. 
The flask is immersed In an oil bath at 70° C. and a solution of II5 gm. of phosphorus 
oxychloride in 120 gm. quinoline added slowly over a period of 20 minutes, with rapid 
stirring. Stirring is continued for 5'10 minutes to complete the reaction; then the flask 
is stoppered and chilled in ice. During the reaction time, make additions of quinoline to 
prevent the pH from going below 3- 

The contents of the flask are gradually added to 265 ml. of cold 50^ NaOE in a beeiker 
Immersed in ice. Chopped ice may be added to the solution to keep the temperature down. 

If necessary, add more NaOH to make tha solution Just alkaline to phenolphthalein. Sepa- 
rate off as much as possible of the quinoline. Add an excess of barium acetate (about 
560 ml. of 2M) and 2 volumes of 95^ EtOH (chilled). If necessary readjust the pH to be 
just alkaline to phenolphthalein. Centrifuge out the precipitate and suspend it in 60O- 
700 ml. of 0.1 H HCl. Add 162 gm. of Na2S0b. Stir vigorously or mix in a Waring Blendor. 
Centrifuge and wash the precipitate. Treat supernatant and washings with 65 gm. NH4CI + 
250 gm. MgClp, neutralize to a phenolphthalein color and mix in the Waring Blendor. Add a 
few ml. of concentrated NHIOH and let the solution stand In the refrigerator 5 to 1 hour. 
Centrifuge and discard the precipitate. Neutralize to pH 1.5 with acetic acid, add barium 
acetate and centrifuge off any BaSO^ formed. Add an excess of barium acetate (25-35 “IL., 
2M) and two volumes of 9^ EtOH. Adjust to pH 8.0, chill, and centrifuge the precipitate. 
Take up this precipitate In 300 ml. 0.1 H HCl and treat with norite in the cold, mixing 
well and filtering off the norite. If the solution is not almost "water-white", the 
norite treatment should be repeated. The clear solution is adjusted to pH 8.0, an excess 
of barium acetate and two volumes of 951^ EtOH are added. The resulting precipitate Is 
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cantrlfuged in the cold, and washed successively with 95lt EtOH and ether, and dried rapid- 
ly ^ vacuo over CaClg. 

The product (1.5-2. 5 gina.) may still contain some inorganic phosphorus. If suffici- 
ent inorganic phosphate is present to be objectionable, it can be removed ly reprocessing, 
treating with HgSOl). to remove barium, precipitation of the inorganic phosphate with mag- 
nesia mixture and reprecipltatlon of the phospho-enol-pyruVate with barium and alcohol. 

G. A. LePagt 


PHOSPHOCREATINE 

This ooii 5 )ound is most easily prepared synthetically. The synthesis of Zeile.and 
Fawaz (1938) has been found to be reliable. This Involves the direct phosphorylation of 
creatine with POCI 5 . 

Grind 10 grams of creatine hydrate (Eastman) thoroughly with 9 ml. of 17 N NaOH. 

After the mixture has been completely homogenized, dilute with 100 ml. water and centri- 
fuge off any undlssolved material. Cool the solution in an ice-bath and add, with stir- 
ring, 4 ml. of POClj and 15 ml. of 17 S NaOE, In that order. Repeat these additions three 
more times adding ice-cubes to the mixture between additions, so that the final volume of 
POClj added la 20 ml. and that of 17 N NaOH is 75 ml. The final volume of the reaction 
mixture should be about 450 ml. Allow to stand 20 minutes in an ice-bath after the last 
addition. The precipitate (which la NajPQlj.) Is filtered off through asbestos-glass wool. 
The precipitate is washed with a few ml. of water and the washings are added to the fil- 
trate. 

The filtrate la now carefully neutralized with cold concentrated HCl to a weak 
phenolphthalein red, while in an Ice bath, with efficient stirring. From this point on 
the solution must not be allowed to become acid because phoephocreatine is stable only in 
a slightly allcallne solution. The solution is then concentrated to a volume of 150 ml. 
either by distillation in vacuo at 25° C. or by blowing clean, dry compressed air over the 
surface of the solution -In a large evaporating dish. The creatine which has not reacted 
is then filtered off. 

The volume of the filtrate is then carefully measured and the inorganic phosphate 
determined (see Chapter I 5 ). Add the calculated amount of MgClg and NB 4 OH to precipitate 
all of the inorganic phosphate as MgNH4P0lj. Add a few drops of CaClg solution to the fil- 
trate to remove the rest of the Inorganic phosphate. Filter. Then add 40 grams of 
crystalline CaClp and stir until it dissolves. Add 3 volumes of cold 95^ alcohol (neutral- 
ized before use if necessary) with stirring and cooling. Let the mixture stand for 30 
minutes in the cold. Centrifuge off the precipitate. Wash it with a small amount of cold 
water (to remove NaCl) and then with cold alcohol. Dry. This preparation can be used for 
enzyme studies although it contains considerable NaCl. It is however, easily obtained 
analytically pure by the treatment of Plske and Subbarow (I 929 ). 

The preparation above is dissolved in water so that the solution contains 0.4 mg. 
total phosphorus per ml. Adi an equal volume of filtered, saturated, Ca(0H)g. The pre- 
cipitate (inorganic phosphate and calcium carbonate) is filtered off. The filtrate is 
cooled to 0° C. with the least possible exposure to air and made Just acid to brom-cresol- 
purple with dilute HCl. Three volumes of cold alcohol are added with stirring. After 50 
minutes in the cold, the precipitate la filtered with auction, washed with alcohol and 
dried in air. The pure material has the composition: C 4 H 0 O^NjPCa • 4Hg0 and should give 
9.6656 P on analysis. A second reprecipltatlon may be necessary. The yield is about 1-2 
grams. 

For use in enzyme studies the calcium can be removed by precipitation as the oxalate, 
the carbonate, etc. In all manipulations it must be kept in mind that the compound is 
extremely labile in acid solution (25)6 decomposition per hour at 20° C.) but is quite 
stable in alkaline solution. Its determination In tissue extracts is described in 
Chapter 15. 


A. L. Lthningtr 
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ADENOSINE -TRI - PHOSPHATE 

It was found In this laboratory (Dubois, Albaum and Potter, 19^5) that magnesium 
anaesthesia minimizes the breakdown of ATP which ordinarily occurs when the animals are 
killed by decapitation without anesthesia. The magnesium solution was made to contain 255^ 
MgSOii {51jt MgS 01 (.- 7 ^ 0 ) , and was injected Intraperl toneally. giving a series of small 
injections the animal can be completely paralyzed and finally anaesthetized without respir- 
atory failure, with the muscles remaining completely relaxed, and with no cyanosis. It la 
advisable to give about 250 mg. per kilogram followed by 125 mg. per kilogram every 10 
minutes until complete anaesthesia is attained. The animal can usually be killed about j 
hour after the first injection. The muaclea are removed from the back and the hind legs 
and cooled in cracked ice until all have been removed and trimmed. The trimmed muscles 
are then welded (about 500 grama) and ground in the cold room in the presence of an equal 
volume of ice-cold 10)(i trichloracetic acid in a Waring Blender. The precipitated muscle 
proteins and fiber masses are separated from the filtrate by squeezing through cheese 
cloth, and the residue is re-extracted in the Waring Blendor with an equal volume of cold 
5)( trichloracetic acid, and again strained through cloth. The combined extracts are fil- 
tered through a Buchner filter and brought to pH 6.8 (bromthymol blue indicator) with 10 K 
NaOH. The remainder of the procedure is essentially that of Needham. The dibarlum salt 
of the adenosine triphosphate, along with any adenosine diphosphate, hexosedlphosphate, 
phosphoglycerlc acid and inorganic phosphate, is precipitated by addition of an excess of 
barium acetate (J.O ml. of 2 M Ba( 0 Ac )2 per 100 gm. muscle will assure an excess). The 
suspension is chilled in the refrigerator one-half hour, then the mixed barium salts are 
centrifuged and the supernatant discarded. The precipitate is dissolved in 0.2 N HNC^ 

( JO-50 ml. per 100 gm. muscle used). A small Insoluble residue should be filtered or cen- 
trifuged off. The solution is treated with a mercuric nitrate solution (Lohmann's Beagent: 
100 gm. Hg(NC^) 2 ' 8 H 20 + 25 ml. H 2 O cone. HNOj; add the EHO 3 to the salt before the water), 
using 0.6 - 1.0 ml. per 100 gms. muscle used. After chilling in the refrigerator (15 min.), 
the precipitated nucleotides are centrifuged out and suspended in a small volume of water. 
Hydrogen sulfide is passed in to decompose the mercury salts, and the resulting HgS cen- 
trifuged, washed with acidified water, and discarded. The combined supernatant and wash- 
ings are aerated until the excess of H 2 S has all been removed. The solution is then 
neutralized to pH 6.8 and an excess of barium acetate added (1.0 ml. of 2 M Ba( 0 Ac )2 per 
100 gm. of muscle will assure an excess here). The suspension is chilled one-half hour in 
the refrigerator, and the precipitate centrifuged. Successive washes of the precipitate 
are carried out with; (1) lit Ba( 0 Ao )2 at pH 6.8 ( 6-8 times the volume of the wet precipi- 
tate); (2) 50)( EtOH; (5) 75^ EtOH; (It) 95^ EtOH; (5) diethyl ether. The precipitate is 
dried in a desiccator over calcium chloride, preferably under vacuum. 

Additional manipulations can be used to obtain a purer product. These involve the 
following: after the final barium ATP precipitate has been obtained, as above, before 
washing with alcohol and ether, one can dissolve it in 0.2 N HNO, and repeat the precipi- 
tation as mercury salt and conversion back to the barium salt. This gives a purer ma- 
terial. After centrifuging and even filtering off the HgS precipitate, one often finds 
a faint trace of HgS suspended in the solution. This contaminates the final product, and 
is undesirable. It can be removed before precipitating the Ba-ATP, while the solution is 
still acid, by addition to the solution of a small amount of Ba(0Ac)2 and 5-5 ml. of 0.1 N 
H2S0h and centrifugation of the small BaSOh precipitate formed. This precipitate carries 
down with it the last traces of HgS. 

Sodium and barium salts and the free acid are now available for purchase (Armour and 
Co.; E. Blschott, Ivoryton, Conn.; Rohm and Haas, Philadelphia; Sigma Chemical Co., 
h 6 b 8 Easton Ave., St. Louis IJ; Schwarz Laboratories and others). However, some of these 
preparations contain not only varying amounts of ADP and adenylic acid, but also heavy 
metal contaminants, which render the materials somewhat toxic for enzymatic use. Usually 
the contaminated samples may be rendered usable by employing the additional purification 
procedure mentioned in the previous paragraph. 

Yields obtained from rabbits anaesthetized with MgSO;^ generally exceed 5.5 grams of 
the barium salt per kilogram of muscle. The material reprooesaed as described contains 
O.l-O.S^t inorganic phosphorus, and is 98-99)^ pure calculated aa the tetrahydrate (Ba 2 ATP 
■ 4 H 2 O). Two-thirds of the organic phosphorus is released as inorganic phosphorus on hydro- 
lysie 7 rndnutas at 100° C. in 1 N HCl. 
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ADENOSINE -DI -PHOSPHATE 

The method we have employed Is modified from that of Lohmann and Shuster (1955), as 
follows: 

A live lobster was out In half, the tail muscles removed and 32 gm. of muscle weighed 
out. This was out into small strips with a scissors and suspended in 300 ml. of chilled 
KCl. After gentle agitation for 15 minutes, the muscle was filtered off and the 
supernatant discarded. The washing with 300 ml. portions of chilled KCl solution 

was repeated four times. The muscle was then siispended in 100 ml. of a solution contain- 
ing 1.0 gm. of adenosine triphosphate at pH 7-0 and incubated for 20 minutes in another 
100 ml. of 15t ATP. The muscle was filtered off and the easily (7 min., 1 If HCl, 100° C. ) 
hydrolyzable phosphorus determined. This had decreased 52^- 

The two solutions (freed of muscle) were mixed, adjusted to pH 6.8, and precipitated 
with an excess of 1 M barium acetate. After leaving it in the refrigerator one-half hour, 
the suspension was centrifuged and the supernatant discarded. The precipitate was dis- 
solved in 0.2 N ENOj (eolutlon kept cold) and treated with Lohmann's reagent (see prepara- 
tion of ATP). The precipitate, after chilling for 15 minutes was centrifuged out and the 
supernatant discarded. The mercury precipitate was suspended in I 50 ml. of water and de- 
coDjosed with hydrogen sulphide. The HgS was centrifuged out, washed, and solution and 
washings aerated free of EpS. Final traces of HgS, which tend to be colloidal, can be 
removed by the addition of barium, and a few ml. of 0.1 N ^SOl* (centrifuge out the BaSOi^). 
This carries down the last of the HgS. The solution was adjusted to pH 6.8, one volume of 
951^ Eton and an excess of barium acetate added. This preclpitatee the pure barium salt of 
adenosine diphosphate. (Omitting the alcohol greatly reduces the yield because EaADP is 
much more soluble in pure solution than when inorganic phosphates are present.) The pre- 
cipitate was washed successively with 100 ml. portions of 50^ EtOH (neutralized), 75^ 

Eton, 95)t EtOH, and diethyl ether. It was then dried in a desiccator under vacuum, with 
CaClg. 

Assuming the same water of crystallization as the ATP {h H 2 O), the product was 9^^ 
Ea‘ADF'4 H 2 O. The ratio of total organic phosphorus to easily hydrolyzable phosphorus was 
2.03:1.00. Inorganic phosphorus was 0.31)t. ADP la available from Sigma Chemical Co., 

St. Louis. 

G. A. lePoge 


ADENYLIC ACID 

Two types of adenylic acid are available. The muscle adenylic acid with the phos- 
phate in the 5 position on the rihose has the structure present In animal, and most bac- 
terial adenoslne-tri -phosphate (ATP) (LePage and tjmbrelt, 19^3), and is therefore the one 
to be employed with such tissues. It Is obtainable from E. Bischoff, Ivoryton, Conn.; 
Sigma Chemical Co., 4-6L8 Easton Ave., St. Louis, Mo.; Nutritional Biochemicals Corp., 

8123 Jones Boad, Cleveland, Ohio, and elsewhere. 

Yeast adeiyllc acid containing the phosphate in the 3 position is available from the 
B. L. Lempke Co., 248 W. Broadway, New York, N. Y., Schwarz Laboratories, 202 East 44th 
St., New York, N. Y. and Nutritional Biochemical Corp., and may be readily isolated from 
yeast nucleic acid (Eastman Kodak Co., Bochester, N. Y.) by the method of Jones and Per- 
kins (1925). So far as is known there is only one ATP in which this structure occurs 
(LePage and Timbrel t, 1943). The two acids may be distinguished from one another by means 
of the hydrolysis rate of the rlbose phosphates (LePage and Umbreit, 1945) and by means of 
the test described by Kllmek and Parnas (I932). 

The position of the phosphate on the rlbose in the ATP Isolated from plant tissue 
(Albaum et al, 1949) la not known. 


ADENOSINE 

This compound is available from the Schwarz Laboratories, Nutritional Biochemicals 
Corp. and elsewhere. 
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ADENINE 

This material la availatle from most chemical supply houses Including the Eastman 
Kodak Co., Chemical Sales Division, Bochester, N. Y. 

INOSINE TRIPHOSPHATE 

This compound is heat made by deamination of adenosine triphosphate with nitrous acid 
according to Klelnzeller ( 19^2) . 

The preparation of ATP has been described elsewhere (page 20l) and a fairly pure 
preparation should be used. Two grama of Ba-ATP are dissolved in 0.1 N HCl, the Ba re- 
moved with Na2S0h, and the filtrate neutralized and brought to a volume of 32 ml. To this 
solution are added I*. 52 gm. C^C001fe-3H20, 10 ml. glacial acetic acid, and 20 ml. 

NatfOp. The pH of the solution should be about 4.0. After standing 5-6 hours at room tem- 
perature, cool with ice and add 2 N NaOH until the pH is between 6.0 and 6.5. Add 12 ml. 

3N BaClp and complete the precipitation of the Ba salt of ITP by adding 2 volumes of cold 
alcohol. Centrifuge off the precipitate and suspend it in 50 ml. HpO. Add 3H HCl to the 
ice-cold suspension to bring the final concentration of HCl to 0.1 N. Shake the solution 
persistently until no more of the precipitate dissolves. Centrifuge off the precipitate 
and re-extract it with 20 ml. 0.1 N HCl. Add 1 gm. of urea to the combined centrifugates 
to destroy the remaining HNOp. Keep at 0° C. for 2 hours. Then add 25 ml. 25^ barium 
acetate and then a volume of alcohol equal to the total volume of solution plus barium 
acetate. Centrifuge off the precipitate, redlssolve in 0.1 N HNOj, and precipitate the 
ITP with Lohmann's reagent aa is done in the preparation of ATP. The Bg compound is washed 
once with water, suspended in 50 ml. water and the Hg removed by passing H2S through the 
solution. The HgS is removed by centrifuging, washed, and the combined centrifugates are 
aerated to remove H2S. The solution is made 0.1 N in HCl and the Ba salt precipitated as 
above (excess Ba acetate plus one volume alcohol). Bedisaolve and reprecipitate. Wash 
twice with water, twice with 50)t alcohol, twice with absolute alcohol and once with ether. 
Dry In vacuo over CaClp. The yield Is approximately 8OO milligrams. The purity of the 

iTP. The empirical formula for the product 
total P = 10.35t, N = 6.20J(. Ratio 
completely pure, by these standards. 

For use In enzyme experiments, the compound is converted into the sodium salt in the 
same way as l,q ATP. It is determined in an identical manner, i.e., by the phosphorus 
liberated by 7 minute hydrolysis in 1.0 N HCl at 100® C. 

INOSINE DIPHOSPHATE 

This compound is prepared hy enzymatic hydrolysis (ty a nyosin preparation) of Inosine 
triphosphate. The methods have been outlined by Bailey (1942) and Klelnzeller (1942). 

The nyosin or lobster muscle extract is prepared as in the section dealing with the 
preparation of adenosine diphosphate (page 205). The incubation of irjoslne triphosphate 
with the extract is carried out exactly aa described there. To isolate the product from 
1 gm. of the Ba-ITP, the myosin is removed by acidifying the reaction medium to pH 5.0 and 
centrifuging off the precipitate. The cooled supernatant is brought to pH 6.0 with N NaOH 
and 2^3 ml. of 25)t barium acetate added. The resulting prsclpltate is centrifuged off and 
discarded. The supernatant is brought to pH 7-0 and the IDP precipitated with excess 25^ 
barium acetate and an equal volume of cold alcohol. The precipitate is separated and sus- 
pended in HpO. 3N HNOj is added to make a final concentration of 0.1 N and excess barium 
acetate eind an equal volume of alcohol added as before to precipitate the Ba-IDP. The 
compound is treated with Lohmann'd reagent (see preparation of i^P, ATP) and after removal 
of the Hg with HgS the filtrate is again adjusted to 0.1 N HNO5, precipitated twice with 
barium acetate and alcohol as before. The product is washed with 50)^ alcohol until the 
washings are free of Ba (test with Na2S0h). It is then washed with 75^, then 95^ alcohol, 
and ether. It is dried over CaCl2 in vacuo . The yield is about 50-6o^ of theory. The 
product is very nearly pure. Calculated for Cj^QH2^]_0j_2_Ni|.P2Ba2_,^'6H20; 7 min. P,4.20^; 
total P,8.39)6; N,7.05<t. Ratio 7 niin. P to total P = 0.50. 


compound can "be eatabliahed by methods used for A 
is C]_gHj^n04l^4P3®a2‘’^%° calculated $ 7'P = 6.86fi, 
7'P/total P = 0.667. The product will he almost 
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The compound la converted to the soluble sodium salt by treatment with NaoSQ, In acid 
solution. ^ 


INOSINIC ACID 

The method of Ostern (1932) has bean found practical for the Isolation of inoslnic 
acid as the barium salt from fresh muscle tissue. One illogram of fresh muscle (rabbit 
muscle has been used) la ground fine with a meat grinder and the ground tissue allowed to 
stand at room temperature for 3 hours to allow maximal enzymatic deamination of adenylic 
acid to Inoslnic acid. It is then mixed with a liter of water and slowly heated to boil- 
ing with constant stirring. Two ml. of glacial acetic acid are added to the mixture and 
it la boiled another three minutes. The mixture Is then neutralized with NaOH and then 
made slightly add with acetic acid, filtered through a fluted paper, and the residue 
pressed free of liquid. An excess of hot saturated Ba(0H)2 solution is added to the fil- 
trate to precipitate the inorganic phosphate and the mixture is allowed to stand for 
several hours. After testing for completeness of precipitation of Inorganic phosphate by 
Ba(0H)2, the supernatant is decanted and the residue centrifuged. The precipitate Is 
washed with a few ml. of warm water and the washings combined with the supernatant. The 
combined solutions are neutralized with glacial acetic acid and saturated aqueous lead 
acetate solution added to precipitate the nucleotide. Do not add a great excess of the 
reagent. After standing several hours the precipitate is filtered off and washed. It la 
then suspended in 3OO ml. water and decomposed with HgS. The precipitate (PbS) is 
thoroughly washed with warm water saturated with H2S to remove the considerable amount of 
nucleotide adsorbed on the PbS. Powdered BaCOj is added to the combined filtrate and 
washings in excess, the solution brought to a 'toll, filtered hot, and concentrated 1^ vacuo 
at 1^0-50° C. to about 50 ml. The solution is filtered and further concentrated to a volume 
of about 10 ml. A white precipitate forms during the concentration. After the concentra- 
tion is complete, the mixture is put at 0® C. for two days. The crystalline precipitate 
is filtered off cold and washed with a few ml. cold water. It is then dissolved in a 
minimum volume of boiling water, filtered hot, and allowed to crystallize at 0° C. The 
crystals are filtered off and washed with cold water. The yield is about IOO-5OO mg. pure 
barium Inosinate. It is converted into the soluble sodium salt by removal of the Ea with 
Na2SQj_ . 

A. L. Lehninger 


PHOSPHOGLUCONIC ACID 

This compound is readily prepared from either Embden's ester or glucose-6-ph03phate 
by the method of Robison and King (1951). Using Embden's ester we have employed the fol- 
lowing method: 

Emhden's ester (0.5 gm. ), barium carbonate (0.6 gm. ) and water (4 ml.) are ground to- 
gether. Bromine (0.07 ml.) is added and the mixture stoppered and allowed to stand 
(30° C.) for 24 hours. The same quantity of bromine is again added and the mixture in- 
cubated for another 24 hour period. The excess bromine is removed by aeration, the mix- 
ture neutralized to pH 4 (to bring all of the barium carbonate into solution). The mix- 
ture is then fractionated according to the analytical procedure (Chapter I5), the barium 
Insoluble fraction containing the phosphogluconic acid and inorganic phosphate. The 
barium is removed, the phosphate precipitated with magnesia mixture (see below), and the 
phosphogluconic acid precipitated with barium. Yield: 200 mg. (Ba salt). ^ redlssolv- 
Ing and repreclpltating the barium salt (dissolve in acid, repreclpltate at pH 8.2) an 
analytically pure product is easily obtained. 

ACETYL PHOSPHATE 

The synthesis of this compound has been described in detail by Llpmann and Tuttle 
(1944). 
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PHOSPHORYLATING AGENTS 

The preparation of a number of phophorylated Intermediates has been substantially im- 
proved by the introduction of new phoaphorylatlng agents. Most notable among these is 
dlphenylohlorophosphate, whose preparation is described in detail by Baer ( 19*19) ■ 

If. If. Umbreit 


MAGNESIA MIXTURE 

Preparation : Dissolve 55 g®. of MgClp’^HgO and 100 gm. of NBj^Cl in 50O-60O ml. of 
water. Add 100 ml. of 15 M NI^OH and make up to a liter. If the resulting solution is 
turbl'd, it should be filtered. 

Conditions : This reagent la used in mary instances for removing inorganic (ortho) 
phosphate from solutions of phosphate esters, etc. The desired product la MgN^POjj,- 6HgO. 

If conditions are not correctly adjusted, the precipitate obtained may be MgtOHjg or 
Mgj(PCi^)2. The solution la made alkaline to phenolphthalein with NHijOH, an excess of mag- 
nesia mixture added, and sufficient HBjjOH added to make the solution I.5 M with respect to 
HHbOH. If stability of the other materials permits (eaters, etc.), the solution should be 
left 1+ hours at room temperature to obtain quantitative precipitation of the inorganic 
phosphate as MgN%P0i).'6Hg0. 

Since the three phosphate radicals exist in equilibrium in solution, the amount of 
each will depend on the pH. Here one wishes to favor the ion HPOi^”', which is accomplished 
by the use of NHi^OH. The function of the NQj,Cl is to prevent the precipitation of the 
Mg(0H)2- 

G. A. LePage 


PRINCIPLE INTERMEDIATES IN THE KREBS' 
"TRICARBOXYLIC-ACID CYCLE” 

After a long and somewhat controveralal history, the Krebs' cycle has become a com- 
ponent part of our thinking with respect to animal metabolism. The subject has been very 
comprehensively reviewed by Krebs (19**5)- So far as is known the cycle as such does not 
occur, at least without modification, in molds or bacteria studied and there is indeed 
some doubt that, in spite of the fact that its component acids occur widely in plants, the 
cycle Itself la in operation in these organisms. Integration of this scheme into the 
general metabolic picture of animal metabolism has been attempted by Potter and Elvehjem 
(1958) and Potter (l9*i-L). The compounds described below are the principle intermediates 
of the cycle. However, one cannot, of course, be sure that they are the actual intermedi- 
ates, since rapid phosphorylation and dephosphorylation, for example, are entirely possi- 
ble. At least these are the materials one puts Into the reactions and these are the 
materials one again obtains. Analytical methods for these compounds are described in 
Chapters 13 and 14. 

The other components of the cycle, e.g., citric acid, succinic acid, fumario acid, 
and malic acid, are readily obtainable commercially. Brief remarks on the use of these 
are contained in Chapter 11. 


CRYSTALLINE SODIUM PYRUVATE 

Pyruvate solutions for use in tissue respiration experiments are usually prepared by 
suitable dilution and neutralization of pyruvic acid redistilled at reduced pressure and 
stored in a cold place. A more convenient means of preparing pyruvate solutions for use 
as a substrate is by weighing out crystalline sodium pyruvate. This salt may be prepared 
analytically pure Yrom commercial pyruvic acid by the procedure of Robertson ( 19^2) . 

Commercial pyruvic acid is dissolved in ten volumes of ethyl alcohol. This solution, 
while being rapidly stirred with a power stirrer, is slowly neutralized with a solution of 
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1 volume saturated NaOH In 10 volumes of ethyl alcohol at room temperature. Sodium pyru- 
vate crystallizes out immediately. The crystalline material la filtered off, washed with 
alcohol and ether on the filter and dried In a vacuum desaloator. The yield is about 85^ 
of theory. This material is sufficiently pure for moat purposes. Analytically pure salt 
may he obtained by dissolving in a minimum amount of water and adding cold ethyl alcohol 
to 805(1 by volume. 

The potassium salt may be prepared in the same manner with somewhat better yields, 
although recryatalllzatlon la sometimes difficult. The lithium salt is preferred by some 
workers. 


ISOCITRIC ACID 

In many metabolic experiments isocltrlc acid may be replaced by ols-aconitio acid, 
for the two are in equilibrium in many tissues. The synthesis of isocitric acid has been 
described by Pucher and Vickery (19*t6) and the isolation of the optically active compound 
from the leaves of Bryophyllum oalyclnum has been outlined by Pucher and co-workers (I9A8). 

CIS-ACONITIC ACID 

Trans -aoonitlo acid la readily synthesized by the method of Bruce (1957). It may be 
obtained from Chas. Pfizer & Co., 65O Flushing Avenue, Brooklyn, N. Y. Cls-aconltle acid 
may be prepared from it by the method of Malachowski and Maslowski (1926) as follows: 

Reorystalllze trans -aconitlc acid from ether and concentrated ECl until the melting 
point la at least 182° C. Pulverize finely and mix with an equal weight of acetic anhy- 
dride and keep at room temperature for three days. The residue is filtered off, washed 
twice with a 1:5 mixture of acetylchloride and chloroform and once with a small quantity 
of chloroform. The solid material is trans -aconltie anhydride. The filtrate and washings 
are combined and evaporated at room temperature under reduced pressure until the acetic 
acid has been removed, '/hen dry, extract with boiling benzene and filter hot. Crystals 
of ols-aconitio anhydride with 5 mole of benzene form on cooling. The benzene is lost 
when the product is dried and the anhydride melts at about 7**°. Further purification can 
be accomplished by recryatallizing from benzene. The anhydride has been found to be stable 
for two years and immediately forms cls -aconltic acid In water. 


H. A. Lardy 


ALPHA -KETOGLUTARIC ACID 

This compound may be synthesized according to the following directions, which are a 
modification of those proposed by Clutterbuck (1927): The directions are primarily those 


of Dr. D. J. 

O' Kane to whom we 

are Indebted for them. 


Potasaium ethyl oxalaucclnate is prepared 

first; the type 

reaction is the acetoaoetlc 

condensati on: 
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1 

COOCgE^ 



which is carried out as follows: To a mixture of I50 gm. of absolute ether (freshly dis- 
tilled from sodium), and Ao gm. of absolute alcohol, add slowly 15.*+ gm. of thinly sliced 
potassium. Warm the mixture with hot water under reflux until all the potassium has dls- 
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solved. Add 50 gm. of ethyl oxalate (Eastman). The solution turns from light yellow to 
deep yellow and a slight turhldlty appears. After 10 minutes standing, add 59-5 gm. of 
ethyl succinate (Paragon), dropwlse with shaking. A silky precipitate appears at the 
beginning of this addition, but disappears when about half of the eater has been added. 
Toward the end of the addition or shortly thereafter, crystallization begins, and the re- 
action mixture soon solidifies. .After two hours standing, cut up the mass with a spatula, 
remove to a Buchner funnel, and press with a rubber-dam. Cut the cake, wash once with 
ether, and press again with a rubber dam. Divide the cake as finely as possible and allow 
to air dry. The yield varies from 65-85^^ (6U-84 gm. ) . 

The a -ketoglutaric acid is now obtained by carrying out the following reactions: 


COOCgH^ 

COOCp^ 


COOH 

1 

CHn 

1 ^ 

CHg 


CH2 

1 

C-COOCnHc 

dll. 

HCl 

u?' 

- o — 


I 

reflux 

c=o 

1 

c=o 

1 


c=o 

1 

1 

COOCgHj 

1 

COOCgl^ 


COOH 




Suspend the potassium ethyl oxalsucclnate in 250 ml. of water, bring to pH 2 with HgSOii, 
and extract with three 50 ml. portions of ether. Dry the combined extracts over NagSOij. 
and remove the ether by distillation. The yield is about 85)^ on the basis of the potassium 
salt. Reflux the oxalsucclnlc eater for 50 minutes with six times its weight of concen- 
trated HCl diluted with one part of water. The two hour period recommended by Clutterbuok 
was found to be unnecessary since shorter periods gave better yields and a lighter colored 
product. Evaporate the solution to dryness ^ vacuo ; the a-ketoglutarlc acid solidifies 
as a white or slightly yellow mass. Save some of the solid for seed crystals, and dissolve 
the remainder in a minimum of hot acetone. Eecrystallize by adding hot benzene to very 
slight turbidity and allowing to cool slowly. The preparation should be watched during 
the cooling process and vigorously shaken after crystallization starts or the acid will 
set to a solid cake. Seeding the solution after it has cooled somewhat is beneficial. 

After a crop of crystals is removed, the solvents are evaporated to about two-thirds 
the original volume, and again allowed to cool. If the solution oils off, heat to boiling 
and add acetone until a very slight turbidity remains, and allow to cool as before. 

The yield Is about 50)(i (25 gm.). The melting point after one crystallization is 111- 
115° C, ; Bellsteln reports 112-115, and Clutterbuok reports 112° C. 

Alpha-ketoglutarate may be prepared also by fermentation methods. Lockwood and 
Stodola (19^t6) have reported that a strain of Pseudomonas fluorescena is capable of produc- 
ing about l6 gm. of this acid from 100 gm. of glucose. The fermentation was performed in 
a rotary drum fermenter. 

The acid may be purchased from Nutritional Blochemlcals Corp. 

W. t. Umbreit 


OXALACETIC ACID 

Sodium diethyloxalacetate is available commercially from Eastman Kodak Company and 
from U. S. Industrial Chemicals, Inc. The hydrolysis of this compound and the Isolation 
of the free acid have been described by Krampltz and Workman (19*+l). The reactions are: 
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COOEt 

1 


COOEt 

1 

COOH 

1 

1 

CH 


1 

CH 

1 

CH2 

1 


11 

1 

CONa 


COH 

c=o 

1 

dll. HgSCtj 

1 

cone. HCl 1 

COOEt 


COOEt 

^ COOH 

I 


II 

III 


To 200 gm. of aodlum dlethyloxalaoetate and 200 ml. of water add 15.7 gm. of B2SCj^ In 
200 ml. of solution. Shake Into solution while keeping the Blrture cool. Separate the 
ester In a separatory funnel. Wash the residual water with ether and add the ether layer 
to the ester. Add more ether until the ester is dissolved and then add water and shake. 
Discard the water layer (bottom layer), and remove the ether from the eater by vacuum 
distillation at low temperature. 

To 50 ml. of the eater, freed of ether, add 125 ml. of cold, full strength concen- 
trated HCl. Stopper the flask containing the mixture, and secure the stopper by wiring It. 
Shake vigorously for one hour In a mechanical shaker. Chill at about 0° C. for three days, 
and then filter on a sintered glass filter In the cold. Dry In a vacuum desiccator over 
soda lime and CaClg. Recrystalllze two or three times from dry acetone; to Induce ciyatal- 
llzatlon from the acetone add dry benzene until the solution becomes cloudy and then 
refrigerate. 

If the filtrate from the Initial crystallization Is returned to 0° C. further crystal- 
lization will occur over a considerable periodCas long as 1-2 weeks). 

Immediately before use dissolve the oxalacetlc acid In water and neutralize It by 
adding, with stirring, the theoretical amount of sodium bicarbonate solution. Although 
oxalacetlc acid la unstable in solution, the dry acid may be stored for long periods of 
time In the refrigerator. 

A. H. Burris 

IMPOBTANT ELECTRON TRANSPOHTING SYSTEMS AND CERTAIN COFACTOHS 

The materials of widest use are cytochrome o, and ooenzyme I (diphosphopyrldlne 
nucleotide, cozymase). Both of these must be isolated from natural sources. A descrip- 
tion of these and other electron (or hydrogen) transporting systems Is given by Potter 
(1940). 

While it Is not our purpose to describe the preparation of enzymes certain of these 
have already been described In connection with other discussions. In addition, the prepa- 
ration of "acetone powders" as a source of the enzymes, especially of the Meyerhof-Embden 
system is described below and the preparation of a common type of "Koohsaft" for supplying 
some of the cofactors In a relatively crude form Is described. The preparation of enzymes 
and their study Is described by Green (1940), Sumner and Somers (194?), and in the larger 
"Handbooks". 

Normally the preparation of the active system one wishes to study Is the responsibil- 
ity of the individual investigator and is usually found in the literature of the subject 
with which he la concerned. 

PBEPABATION AND STANDARDIZATION OF CYTOCHROME C 

The method employed la essentially that of Kellln and Hartree (1957, 1945). 

"One ox heart is carefully freed from fat and llgamente and minced very finely with 
a Latapie mincer. After pressing out the blood ae far as possible In a handpresa, the 
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pulp, 1100 gm. , Is mixed with 1100 co. 0.15 N* (2^) trichloroacetic acid and allowed to 
stand at room temperature for 2 hours with occasional stirring. The pH of this mixture is 
approximately 4. The fluid is pressed out, neutralized to about pH 7 with caustic soda, 
about 20 CO. lO^t NaOH,- and — Qstep omlttedj. . .treated with ammonium sulphate (50 gm. per 
100 00.), filtered, and the filtrate, 1700 cc., now free of haemoglobin, is treated again 
with ammonium sulphate (5 gm. per 100 cc.) and left oremlght in an ice cheat. The pH of 
the mixture is about h.g. The next day the liquid l3...[^8tep omitted]. .. treated with one- 
fortieth of its volume of 20)fc trichloroacetic acid, bringing the pH of the mixture to 3.7. 
Within 10 minutes the spectrum of reduced cytochrome disappears and the cytochrome is com- 
pletely precipitated in the oxidized form." The precipitate is filtered on a fluted fil- 
ter, drained thoroughly and then redlsaolved and washed through the filter with distilled 
water to give a volume of leas than one liter. A dark brown Insoluble residue may be fil- 
tered off at this point. The solution is brought to pH 7.h, treated with ammonium sulfate 
(55 gm. per lOO co.) and filtered. The filtrate is treated with trichloroacetic acid as 
before to precipitate the cytochrome c. "The suspension is centrifuged for 10 minutes, 
the bright red deposit shaken with 500 cc. saturated ammonium sulphate solution and cen- 
trifuged again. The red solid is transferred to a cellophane sac by means of about 20 cc. 
distilled water and the mixture dialysed for 2 days at 4° C. against l)fc sodium chloride 
solution. The content of the sac is shaken with a few drops of chloroform and filtered 
to yield about 30 cc. of a clear dark red solution containing 0.182 gm. pure cytochrome, 
the iron content of which is 0.34^." 

In using this method we have dialysed against distilled water instead of Vf) NaCl, in 
order to avoid having a compulsory addition of sodium chloride to our reaction mixtures. 
Since our cytochrome solutions keep very well in the cold, we have avoided the use of 
chloroform in the preparation. Ifellin and Hartree also carried out large scale operations 
using about 6 beef hearts at a time, and pointed out that horse hearts are superior to 
beef hearts. For large-scale preparations it la advisable to use a power-driven meat 
grinder with a fine mince attachment. We have been able to secure the cooperation of a 
local butcher shop for the grinding operation. 

The following table summarizes the results obtained in this laboratory in six con- 
secutive preparations without particular attention to Improvements in Kellin and Hartree's 
method (Table XXXIII). 


UBLE XXXIII 

The Preparetlon of Cytochrome C 


Tfo. of beef 
hearts 

K^, of 
mince 

ml. Stock 
Cytochrome 
Solution 

Concentration 
per ml. 

Moles X 10"^ 

Total Yield 
Moles X 10"7 

Yield per 
Kg, Moles 

X 10"'7 

5 

6.69 

160 

2.19 

350 

52.4 

6 

6.43 


2.28 

344 

55.6 

6 

6.99 


5-05 

433 

62.0 

6 

7-29 


2.60 

485 

66.5 

10 

14.30 

180 

3.06 

552 

38.6 

10 

10.87 

122 

4.88 

596 

54.8 


In terms of dry weight, the average yield is about 90 ■"g. Psr kg- of fresh beef heart. 
However the preparation is not dried, but is kept in the frozen state in small vials of 
solutions that are ready for use when thawed. C^ytochrome c preparations are available 
from the Sigma Chemical Co., St. Louie. Keilin and Hartree in 1958 mentioned that cyto- 


Cheoked by titration using phenolphthalein. 
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chrome o can he precipitated hy the addition of volumes of cold acetone and dried to a 
powder which la completely soluble In water. This seems to be true only when the solutions 
are kept very cold and the drying Is very rapid, and we have avoided the procedure. The 
preparation has an equivalent weight of 16,500 and apparently contains an additional pro- 
tein which can be removed to yield cytochrome with an apparent molecular wei^t of 11,700 
(Theorell and Akesson, 19*tl) . The possible catalytic action of this protein should be 
borne In mind when using the Kellln and Hartree preparation. 


It Is convenient to dilute the stock solution to a strength of 1.0 x 10"^ moles per 
ml., that la, lO'^ molar. In the succlnoxidase system for example, one adds 1+ x 10"8 
moles of cytochrome c per Warburg flask, which Is therefore 0.4 ml. of the working solu- 
tion. The average preparation from six beef hearts thus gives enough cytochrome for about 
1000 Warburg flasks when the succlnoxldaae system is being studied. In the cytochnome 
oxidase system, much higher concentrations are needed, and concentrated stock solutions 
are used directly. In this case It la convenient to recover the cytochrome. The flask 
contents are pooled, frozen, and stored until needed. The solution is then brought to pH 
5.5 - 4.0 with trichloracetic acid, and carried through the regular procedure. Recoveries 
of around 95 per cent have teen obtained. 


In the final dialysis step of the purification, it Is desirable to put the prepara- 
tion through several changes of glass-redistilled water, to cut down the concentration of 
metal contaminants. This la especially Important In the study of the cytochrome oxidase 
system. As the dialysis proceeds a dark brown precipitate forma, which may be denatured 
cytochrome c. This is removed by centrifugation and filtration and Is discarded; the pre- 
vention of its formation has not been studied. Although Kellln and Hartree state that 
cellophane strongly adsorbs cytochrome c during dialysis In the absence of salts and. 
Theorell used adsorption on cellophane at one stage of purification, we have not felt that 
the losses outweighed the advantages of having a piure aqueous solution. 

There seems to be a certain amount of loss of cytochrome through the walls of the 
membrane, especially In the final stages of dialysis. This can amount to as much as 20 per 
cent of the yield and can be observed when the dialysis is carried out against relatively 
small volumes of distilled water. The cellophane is seamless tubing and Is doubly knotted 
at each end, and tied between the knots. 

Standardl zatl on of cytochrome c: For the most accurate work it is necessary to know 
the concentration of cytochrome c in the stock solution so that the proper amounts can be 
added In standardized experiments. Many experiments have been reported with no statement 
of the cytochrome c concentration; this is Inexcusable. Even when the concentration of 
the cytochrome Is unknown. It Is possible to determine the amount which is necessaiy to 
saturate the system and to prove that additional amounts do not Increase the reaction rate. 
Such data can then be Included in the report. 

Spectrophotometrlc Standardization : For more precise work, the spectrophotometrlc 
standardization seems the most satisfactory. Cytochrome c has a characteristic absorption 
spectrum in the oxidized state and an equally definite absorption In the reduced state 
(Theorell, 1936; Potter, 194 la). The reduced form has a pronounced maximum at 550 milli- 
microns, which is absent in the oxidized spectrum. The cytochrome c stock solution Is a 
mixture of oxidized and reduced cytochrome c and must be converted to one form or the 
other before making any measurements for spectrophotometrlc standardization. The cyto- 
chrome can be oxidized with potassium ferrlcyanlde and reduced with sodium hydrosulfite 
(Na 2 S 2 Ci 4 .). The hydrosulfite can be added after the ferrlcyanlde to convert the oxidized 
form to the reduced form. Since the specific absorption coeffloients are known for each 
form, one can measure the absorption at 550 n^. In both oxidized and reduced states, and 
the concentration can be calculated for each. If the oytochrome solution is free from 
other pigments the same concentration will be found In each calculation. If other pigments 
are present they will be unlikely to show the same shift In absorption when converted from 
the oxidized to the reduced state. Neither the ferrlcyanlde nor the hydrosulfite absorb 
ll^t at 550 millimicrons. The pH of the mixture can be held constant with phosphate buf- 
fer. The constants are as follows : 
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ap = 2.81( cm^/mole) x 10^ (Eoducad Qjrtochrome £ at 550 iqi. ) 

qq = 0.90( om^/mole) x lo”^ (Oxidized Cytochrome s, at 550 mu-) 

These constants apply directly where the Cenco-Sheard Spectrophotelometer is used with the 
entrance slit at 0.7 mm. and the exit slit has a nominal width of 5 millimicrons and is 
not significantly different with an exit allt of 2.5 millimicrons. With exit slits wider 
than 5 millimicrons the constants do not apply. They should apply directly in the case of 
other spectrophotometers with almllarly narrow exit silts. An example of a cytochrome c 
standardization la given herewith (Table XXXIT). 


TABLE XXXI y 

Spectreaetric Standardization of Cytochroae C 

Spectrophotometer Data at 550 mp. , Sp = 0.7 mm.; = 5 mp. 
( Cenco-Sheard Spectrophotelometer) 


Eeaotlon Mixture 

lo 

I 

Log Ig/I = E 

Moles/ml. 

( cell) 

Moles/ml. 

( Stock 
Solution) 

Water 1.-7 ml. 






0.1 M phosphate pH 7.4 1.0 ml. 






Stock Solution Cytochrome 0.2 ml. 

■ = 

0 x 1 dlz 

sd state 



0.01 M K:,Fe(CN )5 0.1 ml. 






-■'final volume 3-0 ml. 

94.2 ■ 

62.0 

0.181 

0.201x10-7 

3,02x10'7 

Same solution plus 






0,1 to 1.0 mg. solid Na 2 S 20 ij 

= 

reduced state 




93 •5- 

25 '. 8 ' 

0.559 

0.199x10-7 

2.98x10-7 


Calculation for oxidized cytochrome o: . ■ !, i 

.-The fundamental relation is C =' E/a: the cells are 1 cm. long'. 

C = E/a = o'^Oxlo"? ” 0.201x10"^ moles per ml. 

There are 3.0 ml. in the reaction mixture, of which 0.2 ml. were stock solution. 

Therefore, the stock solution contains \ 

0.201 X 3 k 5 k 10”^ •= 3-02 x 10'^ moles per ml. 

The calculations for the reduced cytochrome are the same, except Is used. The two 
values gave the same result within the limit of error and the average value was taken. 

The fact that the ratio Ep/Eg Is the same as aj/og Indicates that the cytochrome c solu- 
tion is probably pure. 

Standardl zatlon In Evelyn Colorimeter : If the cytochrome o is not contaminated with 
other pigments, it la possible to standardize the preparation on an Evelyn Colorimeter. 

In this case the light Is not ncnochromatlc and there is no point in trying to work with 
the narrow reduced absorption band at 550 nji. Instead, the measurement is based on the 
broad absorption band of the oxidized form, which has its maximum at 530 mjr, but which may 
be meaeured on the Evelyn Colorimeter using the 540 filter, and Insuring complete oxida- 
tion by adding ferrlcyanide as in the spectrophotometric measurement. Dr. W. H. McShan 
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haa standardized this procedure using cytochrome c preparations whose concentration was 
determined hy the author. The test mixtures contained 3.0 ml. 0.1 M phosphate buffer pH 
T.l, 0.3 ml. 0.01 M i^Fe(Cri)gj plus vaiying amounts of Stock Solution of Cytochrome c 
whose concentration was 3.0 x 10"** M, plus water to make 10.0 ml. The blank contained 
water instead of cytochrome, plus the other additions. The constant (K) was taken as 
1.99 * 10' ml. /mole. The data are given in Table XXXV. 


TABLE XXXV 

Data on Oiidized Cytochrome C. (Evelyn Colorimeter) 


ml. Stock Cytochrome 

R» 

L** 

Moles per ml. 
(Evelyn tube) 

Moles per ml. 
(stock Solution) 

0.3 

66.25 

0.179 

0 . 0900 x 10'7 

3.00 X 10"7 

O.t 

57.75 

0.238 

0.1195xl0‘’i’ 

2.99 X 10"''' 

0.5 

50.00 

1 

0.301 

0 . 1512 x 10" 7 

3.02 X 10 "''' 


^Galvanometer reading 
**2-log galvanometer reading 


Calculation; 

The fundamental relation is C = which corresponds to the relation C = I/a in the 

case of the spectrophotometrlo measurement. The calculations are made in a perfectly 
analogous maimer. Thus, in the case of the first sample (0.3 ml.) the calculations are 
as follows : 

C (Evelyn tube) = f ' l ' ' ' 99xioV ^ O.O9O x lO"'^ moles/ml. 

C (Stock Solution) = 0.090 x 10 x I/0.3 x 10^^ = 3.00 x lO'"? moles/ml. 

Enzymatic Standardization : Since the concentration of cytochrome c required to satu- 
rate a given enzyme system is a fundamental property of the system, a characteristic curve 
is obtained if one plots Qq^ against cytochrome c molarity in the sucolnoxldase system, 
for example. In the case of this system the curve rises steeply and plateaus sharply at 
about 0.5 X 10-5 molar (Potter, 19klb) . While this fact cannot be used to standardize 
cytochrome c solutions it provides excellent supporting evidence as to the catalytic 
potency of a preparation. 

V. fl. Potter ' 


DIPHOSPHOPYRIDINE NUCLEOTIDE 

Procedure for Crude Preparation : A vessel containing four liters of distlllsd water 
is heated, with mechanical stirring, in such a manner that heat is supplied rapidly. When 
the temperature haa reached 92° C., addition of crumbled yeast is begun. (It Is important 
that the yeast he fresh to Insure good yields.) It is added as rapidly as possible with 
the temperature maintained at 90-92° C. When ten pounds of yeast have been added, the 
heat is withdrawn and the vessel Is immersed in cold water and rdpldly cooled to room 
temperature. The yeast suspension is filtered on Buchner funnels with suction, employing 
a filter aid such as ^flo Super-Cel. A pressure filtering device is used for this opera- 
tion when available; we have been able to facilitate greatly this operation with a Sparkler 
horizontal filter (manufactured at Mundelein, 111.). The filtrate, tO0O-L300 ml., is 
treated with 10)t of its volume of 25)t basic lead acetate solution, Pb( 0Ac)2‘Pb(0H)g, and 
the resulting precipitate filtered out and discarded. The filtrate from the lead acetate 
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treatment Is adjusted to pH 6.5 with acetic acid, chilled, and 50 ml. of ailver nitrate 
solution stirred in. The resulting precipitate la permitted to settle in the refrigerator 
and the bulk of the liquid decanted off. The slurry is centrifuged in 25 O ml. bottles and 
the supernatant discarded. The silver precipitate la washed three times with successive 
portions of distilled water, each approximately three times the volume of the packed pre- 
cipitate. Washing is carried out in the centrifuge bottles. The precipitate is stirred 
up in 50-70 ml. of water and decomposed with hydrogen sulfide. The silver sulfide is cen- 
trifuged, washed once with a small volume of water, and discarded. The supernatant and 
wash are filtered and aerated free of hydrogen sulfide. Five volumes of cold acetone are 
added. The resulting precipitate, which contains the dlphoaphopyrldine nucleotide (DPN), 
is centrifuged in the cold, the supernatant discarded, and the precipitate dried ^ vacuo 
over sulfuric acid. The yield at this point is 1200-1500 ng. of material assaying 27-50^ 
DPN. 


While the remainder of the purification procedure can be carried out with this amount 
of material with essentially the same percentage recoveries, it la almost as readily 
carried out with 5 or 10 times as much of the crude preparation. Consequently this crude 
preparation is allowed to accumulate before further purification is begun. 

Procedure for the Second Stage of Purification : The crude cozymase (10 gms.) is dis- 
solved in 775 of 0.1 M acetic acid and to it are added 25 ml. of 25/t lead acetate, 
Pb(0Ao)2, and 2 liters of 951^ EtOH. The solution is chilled to 0° C. The resulting pre- 
cipitate is centrifuged out and discarded. The supernatant is treated with 25^ silver 
nitrate in excess (approximately 50 ml.) and the silver salt of BPN centrifuged down in 
the cold. .After the precipitate is washed once in the centrifuge bottle with approximate- 
ly twice its volume of water, it la suspended in 100 to 150 ml. of water. Hydrogen sul- 
fide is passed in to decompose the ailver salt. This decomposition takes only a few 
minutes if one stoppers the bottle and shakes it once or twice during the gassing. The 
silver sulfide is centrifuged, washed once, and discarded. Excess hydrogen sulfide is 
aerated off. (If at this point the DPN is precipitated with acetone and dried, the re- 
sulting preparation Is 5^+-57^ DPN and the recovery of the DPN present in the starting 
material is approximately 90^. These preparations, and the starting material, both ex- 
hibit, in biological systems, effects attributable to traces of heavy metals.) The 
solution Is neutralized to pH 7.0 with NaOH, care being taken to avoid localized areas of 
high pH. The volume is made up to 1*00 ml. with distilled water and 72 gm. of charcoal 
added. (Norlt A decolorizing charcoal proved most suitable. This tends to have alkaline 
salts present in it as received, and it is best to wash it on a Buchner funnel with water 
and air-dry it before use.) The suspension is shaken or stirred vigorously for 20 minutes, 
then filtered on a fritted glass filter with suction. Experiments with various ratios of 
charcoal and DPN demonstrated that under these circumstances the DPN is all adsorbed on 
the charcoal. The charcoal is washed, on the filter, with 300 ml. of 2^ trichloroacetic 
acid (to remove sodium ions) and with 100 ml. of water. These washes do not remove any 
DPN as shown by complete absence of pentose In the filtrates. The washed charcoal is sus- 
pended in 560 ml. of a 205(1 pyrldlne-805( water (volume percent) mixture. (Even the reagent 
grade pyridine that we obtain contains small amounts of colored material, which all appears 
in the final DPN preparation unless eliminated. Distillation from glass served to remove 
these undesirable impurities.) The suspension ie stirred vigorously for 20 minutes. Then 
the charcoal is filtered off on the fritted glass funnel and then elution repeated. The 
two eliaates are combined and concentrated under reduced pressure at 30-55° 0. with a water 
aspirator. The pyridine keeps the pH within safe limits. When the volume has been reduced 
to kO -50 ml. (the pH is now 4.0-4, 5 ), the solution is filtered to remove the last traces 
of charcoal and treated with 6-7 volumes of cold acetone. The precipitation is best 
carried out in small, successive portions in a 50 *^1. centrifuge tube. This minimizes 
losses due to material adhering to the sides of the tube. When it has all been centri- 
fuged down (more centrifuging ie required when the DPN reaches higher potency than when 
it is in a very crude state as it was earlier in the procedure. It can he made to floc- 
culate by adding nitric acid to a final concentration of 0.2 N.), the precipitated DPN is 
dried ^ vacuo over sulfuric acid. 

The dry material can be scraped from the tube and ground In a mortar. Since the 
material is hygroscopic, it is advisable to dry the powder again. The yield Is now 3400- 
3800 mg. of white material assaying (>yf> DPN, with consistent 805^ recoveries of the DPN 
originally present in the crude material. 
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The Impurity In these preparations is almost entirely composed of adenylic acid and 
water, mainly the former. If the presence of adenylic acid is undesirable, the major por- 
tion of it can readily be removed. One gram of the 635 ^ DPN preparation, in powdered form, 
is suspended in I 50 ml. of cold methanol containing HCl (0.1 N) in a cold room at 0° C. 
with mechanical stirring. After 20-50 minutes the suspension is filtered on a fritted 
glass filter. The filtrate is treated with 3 volumes of ethyl acetate and centrifuged in 
the cold. The precipitate is dried in vacuo. It la a fluffy white material, assaying 81+- 
865 ^ DPN and containing 15-205^ of the DPN in the original material. The residue contains 
the balance of the DPN and can be recycled until all the DPN is removed. Kecoverles are 
very close to lOOjt. The 84-86^ preparations can be redissolved in acid methanol and re- 
precipltated with ethyl acetate. This raises the purity to 90^ better. 

Assay : Our preparations are first tested In a biological system requiring DPN, the 
malic dehydrogenase system (Potter, 19^6). If amounts of the preparations corresponding 
to 50'200 gamma of DPN are ad led per Warburg flask, an almost linear response Is obtained. 
Larger quantities can be added to obtain a plateau on the oxidation rate curve. The latter 
gives an indication as to whether a preparation contains traces of heavy metals, since the 
accumulated effect of these is to lower oxidative rates. 

Measurement of the absorption of the reduced form of DPN at ^kO mp as first used by 
Warburg and Christian (1956) appears to be the most precise method of assay. (The original 
procedure was not proposed as an assay but has been frequently used for assay purposes 
without its being stated whether the reduction was carried out in Warburg flasks with 95^^ 
8®® phase. In the present procedure the ratio of Na2S20l^ to DPN has been 
increased, the use of the gas mixture has been eliminated, and the reaction is carried out 
at room temperature. The concentration of NagSgOl is such that exclusion of oxygen is 
unnecessary. If fresh bicarbonate is used, the pH remains within the correct range of 1 ,k- 
7.9 during the reduction without having yf> CO 2 in the gas phase. On standing, bicarbonate 
solutions lose CO 2 and the pH rises to above 8.0. In this pH range the reduction product 
absorbs at JihO wp. but its maximum is at 560 m^, and it can be observed visually as a yellow 
color; it is believed to be the free radical or half-reduced compound, and unlike the fully 
reduced compound it is reoxidlzed by air in the presence of sulfite, so that the de- 
creases on standing.) This was accomplished in our laboratory by use of a Beckman spectro- 
photometer. 

The assay procedure is as follows: The DPN sample is made up as a Ijt solution. To a 
16 X 150 mm. tube la added 0.20 ml. of water plus 0.50 ml. of fresh l^t sodium bicarbonate, 
followed by 0.10 ml. of the !;!> DPN preparation (1000 miorograms). Two milliliters of a 
freshly prepared 3 ‘ji solution of sodium hydrosulfite In l^t sodium bicarbonate are prepared 
In a small tube with cautious stirring to avoid aeration. A 0.20 ml. aliquot of the 
sodium hydrosulfite solution is added to the tube containing the DPN sample, mixed in 
gently, and allowed to stand 20 minutes at room temperature without further agitation. 

Now to the sample tube are added 9*0 iiil- a ll’ sodium bicarbonate-15t sodium carbonate 
solution. The mixture is aerated for 5 minutes to remove excess hydrosulflts. Aeration 
is by means of compressed air passed through a water wash. The sample la used to obtain 
the absorption at in the Beckman spectrophotometer. 

A reading can be taken with a second aliquot not receiving the reduction treatment. 
This provides a correction for absorption of the oxidized form or any impurities. Our 
final preparations have a negligible absorption at 3^0 before reduction. Some of the 
cruder preparations show approximately one-tenth as high an absorption before as after 
reduction. 

For calculation of the DPN concentration, the constant given in Warburg's review 
( 1938 ) as the average of the test preparations was used. The value for given as 

1.3 X 10^ cm^ per mole which -converts to 8.5 x 10^ cm^ per gram. The value is about 

25 ^ higher than the but the constant has been used as given. On this basis the con- 
centration In micrograms per ml. is given by multiplying the (1 cm.) by 118, and 

since the aangilea are made up at a concentration of 100 miorograms per ml. this value is 
also the percent purity of the sample. 

The following variations in the aseay method were found to have no effect on the re- 
sult: ( 1 ) increased amounts of sodium hydrosulfite up to 12 mg.; ( 2 ) incubation of the 
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sample, after reduction, for 15 to 90 minutes; (3) Incutation at 58° C. instead of at room 
temperature (20 - 25° C. ) i (*•) washing out the sodium hioarbonate solution with 95!^ nltrogen- 
5^t carbon dioxide and bubbling this gas through the samples during Incubation; (5) varia- 
tion in the bicarbonate from 0.20 to 0.70 ml.; (6) variation in the DPN sample from 0.10 
to 0.50 ml.; (7) aeration beyond 5 minutes. 

Preparations of DPN are available from the Schwarz Laboratories, New York. 

G. A. LePage 


PREPARATION OF “KOCHSAFT” (BOILED MUSCLE EXTRACT) 

There are perhaps as many ways of preparing muscle "kochsaft" as there are investiga- 
tors who have used such a preparation. A procedure which has been found satisfactory in 
our laboratory is as follows; 

Strips of muscle are rapidly removed from a freshly killed rat and dropped into boil- 
ing water. Five volumes of water to one of muscle is a suitable ratio. After the last 
strip added has boiled for 2 to 5 minutes the mixture is cooled. The solid material is 
thoroughly ground with mortar and pestle. Water la added to make up to the original volume 
and the mixture boiled again for a few minutes. The solids are then removed by centrifug- 
ing or filtering and the clear portion is stored in a frozen condition until used. 

H. A. Lardy 


PREPARATION OF ACETONE POWDERS 

The method of preparation la essentially that of Green, Needham, and Dewan (1957) as 
follows : 

"The skeletal muscles of a freshly killed animal (rabbit) are cooled by packing with 
ice and thoroughly minced. The mince la mixed with 2 volumes of iced water and allowed to 
stand for ca. 30 minutes. The mixture is squeezed through muslin. 2 volumes of oold^^ 
acetone are then added to the filtrate. The precipitate is filtered immediately on Buchner 
funnels with suction and then washed with acetone and ether. If the washings are effected 
before the cake of precipitate has cracked, it is possible to pulverize the precipitate in 
a mortar and dry it within an hour ^ vacuo over liquid paraffin. The dried acetone powder 
(10 g.) is rubbed up with water (120 ml. ) until a homogenous paste is formed. The mixture 
is then dialysed for 15 hours at 0° C. in cellophane sacs. The large amount of Insoluble 
material la centrifuged off and discarded. The clear supernatant fluid contains the active 
enzymes. The activity is maintained for at least 10 days if the enzyme solution is kept 
at 0° C. The enzymes are best kept in the form of the dry powder." 

In our experience, the final dehydration of the precipitated protein with pure acetone 
and ether, must be done quickly and in the cold. Furthermore in trying to suck the pre- 
cipitate dry, one is likely to hydrate it simply by contact with air. When this occurs, 
the color of the precipitate changes to a dark brown, and the dried precipitate is dark in 
color Instead of altSost white. The dark precipitate contains much more water- Insoluble 
and presumably denatured protein than is the case with the light colored powder which is 
obtained when the dehydration is properly carried out. We have used from 0.5 to 1.0 ml. 
of the enzyme solution per Warburg flask in studies involving the addition of dehydro- 
genases. Further work needs to be done on the fractionation of the enzymes in this prepa- 
ration, and on the factors affecting their solubility and denaturation. 

K. R. Potter 
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Acetoacetlc acid 
fflanometrlc assay, I75-I76 
Acetone powders 
preparation, 2l8 
Acetyl phosphate 

reference to preparation, 207 
Acid production 

measurement In hloarhonata buffers, 26 
cls-Aconltio acid 
preparation, 209 
Activity 

expressed as Qgp, 13-14 
Addition of mateiuals 
gas, 85-86 
Kellln cups, 4-7-48 
tipping in from sldearm of flask, 

47-48 

Adenine 

source, 206 
Adenosine 
source, 205 
Adenoslnedl phosphate 

assay in tissue extracts, I92-I95 
preparation, 205 
Adenosinetrlphosphatase 
assay, 144-145 
Adenoalnetrl phosphate 

assay in tissue extracts, 192-193 
preparation, 204 
source, 204 
Adenylic acid 

assay in tissue extracts, 194 
source, 205 
types, 205 
Algal suspensions 

culturing algae, 121-123 
preparation, 123 
suspending media, 123 
-Alpha values 

apparent vs. real, I9, 20 
for carbon dioxide, 21 
for oxygen, 5 

use of apparent for measuring CO2 
retention, I9 
Amlnoethyl phosphate 

assay In tissue extracts, 195 
Amino acids, D- and L-, 
manometrlc assay, I80 
Ammonia 

determination, I6I 
Anaerobic measurements 

anaerobic atmospheres In flasks, 43-44 
Analysis of phosphorylated compounds 
application, I85 
basic methods, I89-195 
fractionation of extracts with barium, 

186-189 

methods of extraction from tissue, 

185-186 


Apparatus 

for shaking Warburg resplrometer, 48-49 
voliuaetrlo, 97-103 
Arginase 

assay In homogenates, l46 
Aseptic 
adapter, 63 

measurements, 62, 63, 94 
Aspartic acid 

determination in transamination systems, 

172 

Atmospheres In flasks 
anaerobic, 45-44 
supplying gas mixtures, 44-45 

Bacterial preparations 
adjusting concentrations of suspensions, 
124 

cell-free preparations, 124-198 
enzymatic, cell-free, 124-125 
enzymatic, by autolysls, 126-127 
enzymatic, by lysis, 127 
grinding cells with powdered glass, 

125-126 

measurement of growth rate, 95-94 
mill for grinding dry cells, 129 
washed cells, 124 
Barcroft manometer 

application to photosynthesis, 76 
application to respiration and fermenta- 
tion, 67-68 

calibration, Munzer and Neumann method. 

54-56 

calibration with mercury, 52-54 
constmictlon and mounting, 64-65 
drawing of, 64 
theory, 65-67 
Baths 

constant temperature, 48-49 
Beams centrifuge 
operation, 125-126 
Bicarbonate 

for measuring acid production, 28 
Influence of carbonate, 29 
influence on carbon dioxide solubility, 
21-22 

labeled with from BaC^^Oi, 96 
pH, 25 ^ 

relation of concentration and pH, 25-26 
relation of concentration and pH, graph, 

27 

Booth and (Jreen mill 

source and effectiveness, 126 
Bound carbon dioxide 
measurement, I9, 20, 77, 79 
retention, 80-82 
Brodle’s solution 
composition, 4-5, 4l 
removing bubbles In manometer column, 4l 
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Baffera 

composition for biological range, 
graph, 133 

preparation and examples, II3 
Buitable acids and bases for, 132 
tlieory, 129-131 

Calibration of resplrometers 

Bancroft - see Bancroft manometer 
by gas addition or removal, 5^-57 
for Interchangeability of flasks, 51-52 
with mercury, 50-51 
with water and mercury, 51 
volumetric mlcroreaplrometer, 101-102 
Carbonate 

Influence In bicarbonate buffers, 29 
equilibrium with CO2 and bicarbonate, 
21-23 

Carbon dioxide 

absorption In presence of cyanide, 

46-4? 

absorption rate In alkali, 11-12 
conversion of pressure to moles per 
liter, 24 

direct method of measuring output, 

17-20 

effect of salts, 21-22 
effect of carbonate and bicarbonate, 21 
exchange by Indirect method, 33-3** 
measurement of bound carbon dioxide, 
19-20, 77 

potassium hydroxide concentration for 
absorption, 12 

relation of pH and bicarbonate concen- 
tration, 26-27 
retention, 19-20, 80-82 
solubility, 21 
Carbon dioxide fixation 
Gaffron method, 85 
test with 96 

Vogler method, 85 
Cell-free bacterial preparations 
autolysls, 126-127 
Booth and Oreen mill, 126 
drying cells, 128-129 
freezing and thawing cells, 127, 126 
grinding dried cells with glass beads, 
129 

grinding with glass, 125-126 
lysis by added agents, 127 
Centrifugation 

apparatus, 125-126, 149-I50 
formulae, 150 

use in fractionating particulate 
components of the cell, 149-154 
with Beams centrifuge, 125-126 
with Splnco centrifuge, 150 
Charts 

apparent vs. real solubility of CO2, 

20 

bicarbonate concentration to use at 
given pH, pCOg and temperature, 27 


Charts (Continued) 
buffers, 133 

for recording manometrlc data, 9 
Chemical methods of analysis 
preparation of tissue, I56 
general procedures 
colorimetry, I58-I6I 
extraction, I57-I58 
precipitation, 157 
in assaying for 
ammonia, I6I 
citric acid, 163-164 
glucose and other sugars, I61-162 
lactic acid, I92 
nitrogen, I6I, I9I 
phosphorus, 162 
pyruvic acid, 162-163 
Chloroplasts 
Isolation, 155 
Chromosomes 
Isolation, 155 
Citric acid 
determination, l63-l64 
Cleaning 
glassware, 4o 
solution, 40 
Clericl solution 
composition, 4l 
Coenzymes 

assay In tissue extracts, 195 
Coenzyme I 

see - Diphosphopyridine nucleotide 
Cofactors 

preparation, 211-218 
Colorimeter 

photoelectric, I59-16I 
theory, 158-161 
visual, 159 
Competitive inhibition 
differentiation from non-competitive, 

95-96 

Contact with substrate particles influence 
on oxidation, 11 
Constants 

used in calibration of flasks, 60 
Conway diffusion dish 
for distillation, 157 
Co zymase 

see - Diphosphopyridine nucleotide 
Cyanide 

use as an inhibitor, 46-47 
Qyolophorase 

from rabbit kidney and liver, II7 
preparation, II6-II7 
Cytochrome C 

preparation, 211-213 
standardization, 213-215 
Cytochrome C reductase 
assay, 139-1^0 
Cytochrome oxidase 
assay, 159-1*19 
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Dehydrogenasas 

measured ty Thunberg toolmlq.ue, IO5-I08 
Deslga 

of flasks, 62-65 
Dickens and Simer method 
first, 77 
flask, 77, 79 
second, 77-79 

Dihydroxyacetone phosphate 
see - Triosephosphates 
Diphenylchlorophospha'te 

as a phosphorylating agent, 208 
reference to preparation, 208 
Diphosphopyrldlne nucleotide 

colorimetric estimation, 217-218 
manometric estimation, 182 
preparation, 215-217 
Disinfectants and germicides 
measurement of activity, 86 
Dissociation constant 

of carhonlc acid, first, 23 
of carhonlc acid, second, 23 -2k 
of enzyme- suhstrate complex, 95 
Dissolved gas 

carbon dioxide, 21 
oxygen, 5 
Dlxon-Kellln 
flask, 78 
method, 79-80 

Dropping merouiy electrode 
apparatus, 89, 91-92 
application, §0 
calibration for oxygen, 90'92 
theory, 90 
Dry weight 

animal tissues, II3 

as a measure of active material, I5, 

Ik 

Electron transporting systems 

preparation of components, 211-218 
Embden's ester 
preparation, 199 
Endogenous respiration 
correction for, I5 
test with 97 

Enzyme activity 

manometric estimation, I82-I85 
Evacuation of flasks 

as a method of replacing gas, kk-U5 
for preparing gas mixtures, 46 

Fenn mlcroresplrometer 
description, 89 
Fermentation 

measurement with Baroroft resplro- 
meter, 68 
Flask constants 

calculation from kg, 58-60 
calculation with example, 4 
constants for different fluid volumss, 
57-58 
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Flasks constants (Continued) 
derivation and meaning, 2-5 
determination by addition or removal of 
gas, 54-57 

determination with mercury, 50-51, 52-54 
determination with water and mercury 51 
differential manometer, 52-56 ’ 

formula, 57 

from nomographs, 60, 6l 
graphical method of determining, 59 
molar, I5 
Flasks 

calibration, 50-57 
cleaning, 4o 
design, 62-63 
Dickens and Simer, 77 
Dixon- Kellin, 78 
double (Siamese) sldearm, 79 
for aseptic work, 62-63 
greasing, 40-4l 
interchangeability, 51-52 
Fructose 

assay in tissue extracts, I9I 
Fructose-l-phosphate 
preparation, I98-I99 
Fructo8e-l-6-dl phosphate 
assay in tissue extracts, I93 
reference to preparation, 201 
source, 201 
Fruotose-6-phosphate 
assay in tissue extracts, 194 
preparation, 201 
Pumarlo acid 

manometric assay, 172 

Gas 

addition, 85-86 
analysis, 85-86 
Gas diffusion 

and shaking rate, 10 
and thlcknesB of tlesue slice, 112 
Gas mixtures 

anaerobic, 45-44 
manometric analysis, 85-86 
preparation, 45-46 
supplying to flasks, 44-45 
Glassware 
cleaning, 4o 

Glucose and other sugars 
assay, 161-162, I9O-I9I 
Glucose- l-phosphate 

assay in tissue extracts, 193 
reference to preparation, I98 
source, I98 
Glucose-6-phOBphat^ 

assay in tissue extracts, 194 
preparation, I99-2OI 
Glutamic acid! 

manometric assay, I70-I7I 
Glutathione 

manometric assay, I79-I80 
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22l+ 


5-Glyoeraldehyde phosphate 
see - Trloaephosphatea 
Glycogen and related polymers 
assay In tissue extracts, 195 
Glycolysis 

In homogenates, ll3"l^*+ 
measurement, 28 
Greasing 

alkali cups, 11-12 
flasks, 12, lO-ll 
stopcocks, 4-0 
Growth rates 

measurement, 93-9**' 

Harden-Young eater 

see - ?ructoBe-l-6-dlphoaphate 
Henderaon-Hasselhach equation 
development, 22-23 
formulation, 25 
Influence of carhonate, 29 
use, 23-26 
Hexosedl phosphate 

see - Fruotoae-l-6-dlphoaphate 
Homogenates 

adenoslnetrl phosphatase In, 144-145 
arglnase in, l46 

construction of homogenlzer, 156-13T 
for study of 

coupling of oxidation and phosphory- 
lation, 144-146 
glycolysis, 143-144 
phosphorylation, 144-146 
for study and assay of respiratory 
enzymes, 139"l***t- 

for use In fractionating particulate 
Cell components, 150-151 
glycolytic enzymes In, 145-144 
keto-acld oxidases In, l4l 
preparations for use with homogenates, 

138-139 

principles, I36 
use of homogenlzer, 137-138 
Hydrogen 

determination, 84 
Hydrogenase 

methylene blue as hydrogen acceptor, I08 
Hydrogenation 
catalytic, 86-87 

Inhlhltion 

determination of type, 95-96 
Inhibitors 
cyanide, 46-47 
Inoslne diphosphate 
preparation, 206-207 
Inoslne triphosphate 
preparation, 206 
Inoslnlo acid 
preparation, 207 
Isooltrlc acid 

reference to preparation, 209 
Isotopes 

96-97 


Kellin cups 

design and use, 47-48 
Keto-acld oxidases 
In homogenates, l4l-l43 
a-Ketoglutarlc acid 
estimation, 169-I7O 
preparation, 209-210 
"Kochaaft" 

preparation, 2l8 
Krebs-Hlnger solutions 
preparation of 
bicarbonate, 119 
phosphate, II9 

Krehs "tricarboxyllic acid cycle", 

preparation of intermediates, 208-211 
Kutscher-Steudel extraction apparatus 
description, 167 

Lactic acid 
assay, I92 
Lataple mincer 
description, 115-114 
Lysis 

autolysis for oell-free bacterial 
preparations,. 126 
of bacteria by added agents, 127 

McGilvery-Machlett manometer 

description, drawing and use of, 87-88 
Magnesia mixture 
preparation, 208 
Malic dehydrogenase 
assay, l4o-l4l 
Manometer 

Barcroft (see Barcroft manometer) 
Dickens and Greville, 88 
differential (see Barcroft manometer) 
fluids, 41 

reading past graduated range, 41-45 
Summerson, 88 

Warburg (see Warburg manometer) 
Manometrio estimation of 
acetoacetlc acid, 175-176 
D-amlno acids, 18O 
L-amlno adds, I8O-I83 
Aspartic acid, I72 
Coenzyme I, 182 
Enzyme activity, I82-I83 
Fumarlo add, 172-173 
Glutamic acid, 170-172 
Glutathione, IT9-180 
a-Ketoglutarlc acid, I69-I7O 
oxalacetlc acid, 175-176 
oxygen uptake (see Uptake of oxygen) 
peptidase activity, l82 
pyruvic acid, 173-175 
succinic add, I66-169 

In the presence of malonlc add, 

168-169 
urea, 177-178 

xanthine and hypoxanthlne, I76-I77 
Media and solutions 
Brodis's solution, 4l 


INDEX 


225 


Media and solutions (Continued) 
culture media for algae, 123 
car'bonate-'bloar'bonate tuffers, T**-, llB 
Clerici solution, 41 
cyanide inhltitor, 47 
phospbate Ijuffers, Il8 
serum, Il8 

sucrose homogenates, 150-154 
suspending media for animal tissues, 

150-154 

Mercury 

cleaning, 9I 

for flask calibration, 5O-5I, 52-54 
use as manometer fluid, 4l 
Metabolites 

of Krebs "trloarboxylllc acid" cycle, 

208 

of Meyerhof-Embden system, 198 
Methylene blue 

light absorption, I06 

photometric determination of reduction, 

106-108 

use as acceptor of hydrogen in the 
presence of hydrogenase, 108 
Meyerhof-Embden system 

preparation of intermediates, I98-207 
Micrometer 

indicator for volumetrlo apparatus, 100 
Mincing animal tissues 
Lataple mincer, II3 
Seevers and Shideman mincer, Il4 
Waring blendor, Il4 
Mold and aotinonyces tissues 
preparation, 129 

Munzer and Neuman method for calibration of 
Bancroft respirometer, 54-56 
Warburg respirometer, 56-57 
Muscle extract, boiled 
see - "Kochsaft" 

Neuberg ester 

see - Fruotose-6-phoaphate 
Nicotinic acid 

assay in tissue extracts, 192 
Nitrogen 

as a measure of active material, 13-14 
determination of 
gaseous, 84-86 
in tissue extracts, I9I 
in samples, 161 

distribution in cell fractions, 152 
Nomograph 

for flask constants, 6l 
Nuclei 

isolation of, 155 
Octanoxidase 

activity in rat liver fractions, 155-154 
Oxalacetlc acid 

manonBtrlo estimation, 175-176 
preparation, 210-211 


Oxalacetlc oxidase 

activity in rat liver fractions, 153-154 
Oxidation and phosphorylation 
coupling of, in homogenates, 144-146 
Oxidative assimilation 
test with cl**, 97 
Oxygen 

determination of dissolved O2 

vith dropping mercury electrode, 90-92 
pressure and rate of uptake, 10-11 
solubility, 5 

uptake (see - Uptake of oxygen) 
removing from tank gases, 93-94 

Particulate components of the cell 
cytological Identification, 149 
fractionation from rat liver, 149-I54 
general principles followed in 
fractionation, 148-149 
Isolation of 

chloroplasts, 155 
chromosomes, 155 
nuclei, 155 
Pentose 

assay in tissue extracts, I9I 
Pentose phosphates 

see - Klbose phosphate 
Peptidase activity 
manometrio estimation, 182 
pH 

of cop-buffer mixtures used in 
photosynthesis experiments, 74 
relation to bicarbonate concentration, 
25-26 

relation to bicarbonate concentration, 
graph, 27 
Phosphate bonds 

oxidative synthesis of, in homogenates, 

145-150 

Phosphocreatine 

assay in tissue extracts, I90 
preparation, 203 
Phosphogluconlc acid 
preparation, 207 
Phosphogly ceric acid 

assay in the presence of molybdate, 
201-202 

assay in tissue extracts, 193 
preparation, 201 
Phosphopyruvic acid 

assay in tissue extracts, 194 
preparation, 202-205 
Phosphorylat ion 
agents for, 208 
contents of homogenate system 
capable of, l46 

coupling with oxidation, 145-146 
Phosphorus 

determination, 162 
in tissue extracts 
inorganic (ortho), I90 
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Phosphorus (Continued) 

inorganic ("true"), 190 

.total, 162, 190 
distrlhution In cell fractions 
desoxypentose nucleic acids, 

152 

pentose nucleic acids, 152 
Photosynthesis 

algal suspensions for study of, 123 
carton dioxide huffers, 7*+ 
equation for measurement of, 71, 75 
studied with Baroroft resplrometer, 

68-76 

pK 

and buffers, 129*131 

definition, 23 
for bicarbonate, 23 
In Hendereon-Easselbach equation, 25 
Polarography 

see - Dropping merouiy electrode 
Potassium hydroxide 

concentration for carbon dioxide 
absorption, 12 

papers to Increase surface, 11 
prevention of "creeping", 11-12 
Propanediol phosphate 

assay In tissue extracts, 195 
Pyruvic acid 
assay 

colorimetric, 162 
manometrlc, 175-175 

preparation of the sodium salt, 208-209 

<502 

units of measurement, 13-l*^ 

Beading manometer 

past the graduated range, 4l-b5 
Becording data 

printed forms, 8, 9 
Beduclng sugar 

assay in tissue extracts, 19O-I9I 
Eespiratlon 
definition, 8 
endogenous, 15, 97 
measurement with 

Baroroft resplrometer, 67-68 
dropping mercury electrode, 90*92 
Warburg manometer 
for measurement, 8 
•procedure for, 12 
Besplratory quotient 

definition and exaugjle, 19 
measurement, 77, 78-80 
Bespirometere, constant volume 
Dickens and Grevllle, 88 
Summerson, 88 
Eetention 
of acid 

description, 82 
neasurement, 82-8^ 


Betentlon (Continued) 
of carbon dioxide 

correction for, I9, 20, 80-82 
in serum, 39 
measurement, 80-82 
Blbose phosphate 

assay In tissue extracts, 195 
Binger solutions 

see - Krebs-Elnger solutions 
Eoblson's ester 

see - glucose-6-phosphate 

Seevers and Shldeman mincer 
description, ll4 

Setting up a manometrlc experiment, 
procedure, 12 
Shaking apparatus 

for Warburg and Baroroft manometers, 

1 ( 8-49 

for volumetric microresplrometers, 101 
Shaking rate 

Influence on oxygen uptake, 10 
Solubility of gases 

effect of salts on, 5-6, 21, 22 
of carbon dioxide, 21, 22 
of oxygen, 5 
Spinco centrifuge 
operation, I50 
Substrate 

concentration and equivalent gas volume, 

15 

expressed as gas equivalent, 15 
oxygen uptake per unit, 14-15 
saturation of enzyme system, l4 
Succinic acid 

manometrlc estimation, I66-I69 
Succinic dehydrogenase 
assay, 159*1^0 

distribution in cell fractions, 152 
preparation, I68 
Sucrose 

suspending medium in centrifugal 
fractionation of cell components, 

150-151 

Temperature control 

error from variation, 7 
The rmobarometer 

correction for changes, 6 
Thunberg technique 
method, 105 

methylene blue reduction, IO6-IO8 
simplified methods, IO8 
tubes for use with, 105 
Tissue 

correction for unequal amounts, I8 
phosphojylated Intermediates, I85 
preparation for analysis, IS5-I86 
Tissue extracts 

analysis for phosphorus compounds, I89-I96 
fractionation with barium, I86 
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Tiaeue prepara tlona 
animal 

BUBOle, retina and teatla, 115 
washed residue, 115 
cyolophorase, 116-117 
mlcrohlal, 123-129 
molds and aotlnomycea, 129 
plant 

algal cell suspensions, 120-123 
excised root tips, 121 
extracts, 121 
potato and carrot, 120-121 
roots and tuhers, 120-121 
Tissue slices, animal 
chilling, 112 

correction for unequal amounts, l8 
dry weight, 112-113 
estimation of thickness, 112 
preparation, 110-111 
thickness and gas diffusion, 112 
Transamination 

determination of aspartic acid 

in, 172 

Trlose phosphates 

assay In tissue extracts, 19l+ 

Ultraml ororespl rometer 
Caid-eslan diver, 89 
Gregg, 89 

0ne(iual amounts of tissue 
correction for, 18 
Uptake of oxygen 

and pressure of oxygen, 10-11 
and shaking rate, 10-11 
Dickens and Slmer methods 
first, 77 
second, 77-79 

per unit of substrate, l!i-15 
procedure for, details, 12 
relation to dissolved oxygen, 8, 10-11 
respiration measured by, 8 
Bangle calculation, 7-8 
Warburg direct method, 8, 11, 12 
Warburg Indirect method, 51-52 
Urea 

manometrlc estimation, 177-178 


Velocity constant 
of growth, 93 

Volumetric apparatus 
Fenn, 89 

for studies of tissue metabolism, 97-103 
calculations, 102 
calibration, 101-102 
description, 98-IOI 
operation, 102 

Warburg manometer 
apparatus, 1 

calibration, 50-52, 56-57 
derivation of flask constant, 2-5 
limitations of measurements, 12-13 
principles, 1-2 

reading past graduated range, hl-t3 
use In gas analysis, 85-86 
use with isotopic tracers, 9^-97 
zero reference points, 48 

Warburg direct method 

for carbon dioxide, 17-20 
calculations, 17-18 
theory, 18 

for oxygen, 6, 11, 12 
procedure and limitations, 12-15 
results, 15 

Warburg Indirect method 

adaptation to more complex measurements, 

58-59 

application, 58 
determination of 
carbon dioxide exchange, 52-57 
oxygen exchange, 51’52, 3^'56 
example, 34-37 

for gases other than carbon dioxide and 
oxygen, 37 

general equations and constants, 5*+ 
principle and derivation, 30-51 

Xanthine and hypoxanthlne 

manomstric estimation, 176-177 

Zero points 

adjustment for maximum range of manometer, 
48 







